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Rare species of dark matter
Maxim Pospelov

FTPI and U of Minnesota
• Introduction. Difficult spots for direct detection. A. Light dark matter. B. 

Thermalized dark matter fraction. Dark matter through multiple collisions.

• Light dark matter reflected from A. the Sun, B. from cosmic rays. 
Constraints on scattering cross section. 

• Rare species of strongly interacting dark matter. DM flux: “traffic jam” and 
hydrostatic population

• Signatures: A. Signatures for neutrino detectors: Direct annihilation inside 
underground neutrino detectors. B. Possible use of underground accelerators: 
a scheme to search for strongly interacting DM in double collision C. 
Constraints from the DM detectors at nuclear reactors. D. De-excitations of 
nuclear isomers. Interesting case of 180Ta. 
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§ Impressive 2022-24 updates of Direct detection limits by LZ, 
XenonNT. 
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background is constrained by an in-situ measurement of
the xenon isotopic abundance with a residual gas ana-
lyzer (RGA) and the half-life from [36]. We also allow for
a small shape change to account for the uncertainty on
the theoretical calculation of this spectrum, specifically
whether this isotope is better described by the higher
state dominance [37] or single state dominance [38] model
of 2⌫�� decay.

The double-electron capture (2⌫ECEC) decay rate of
124Xe is left unconstrained in B0. The energy spectrum
adopts the updated model of [39], which takes into ac-
count the contributions from higher atomic shells com-
pared to [1] and uses fixed branching ratios. The recon-
struction of the dominant KK-capture peak at 64.3 keV
was also used as validation of the energy reconstruction.

The spectrum of electron scattering from solar neu-
trinos is computed as in [1]. We assign a 10% solar
neutrino flux uncertainty based on the Borexino mea-
surement [40]. 133Xe was produced by neutron activa-
tion from the 241AmBe calibration several months before
the SR0 science data taking and a tiny fraction survived
to the start of SR0. Given that it does not impact the
low-energy region and this rate is small, the background
is allowed to vary freely in the fit. Trace amounts of
83mKr leftover from calibrations are also present in the
SR0 data, the rate of which is also left unconstrained.

The last background component, accidental coinci-
dences (ACs), is the only non-ER background in B0.
Uncorrelated S1s and S2s can randomly pair and form
fake events, and a small fraction survives all event selec-
tions [24]. AC events overlap with the ER band in cS1-
cS2 space and produce a spectrum that increases towards
low energies. Its rate in the ER region is predicted to be
(0.61± 0.03) events/(t·y) using a data-driven method.

FIG. 3. Science data (black dots) in cS1-cS2 space, over-
laid on 220Rn data (2D histogram). The WIMP search re-
gion (orange) is still blinded and not used in this search. Re-
gions (gray shaded) far away from the ER band are excluded
to avoid anomalous backgrounds. Iso-energy lines are repre-
sented by the gray dashed lines.

After all analysis components had converged and a
good agreement between the background model and data

above 20 keV was found (p-value ⇠ 0.2), the region above
the �2� quantile of ER events in S2 was unblinded.
The NR region below ER �2� remains blinded while
the WIMP analysis continues, as shown in Fig. 3.

FIG. 4. Fit to SR0 data using the background model B0.
The fit result of B0 is the red line. The subdominant AC
background is not shown.

FIG. 5. Data and best-fit B0 model below 30 keV. No sig-
nificant excess above the background was found. The bump
at ⇠10 keV is from the LL-shell of 124Xe 2⌫ECEC [39], while
the discontinuity at 10 keV is caused by the blinded WIMP
search region, see Fig. 1 and 3. A finer binning than in Fig. 4
is used to show the event rate change near the threshold.

We performed a fit in reconstructed energy space using
an unbinned maximum likelihood similar to that in [1].
The e�ciency at low energies is allowed to vary within
its uncertainty band. The best-fit of B0 is illustrated in
Fig. 4 and Fig. 5, and the results are listed in Tab. I.
The SR0 dataset agrees well with B0, and no excess
above the background is found. The e�ciency-corrected
average ER background rate within (1, 30) keV is mea-
sured to be (16.1 ± 1.3stat) events/(t·y·keV), a factor of
⇠5 lower than the rate in XENON1T [1]. This is the
lowest background rate ever achieved at these energies



Blind areas for direct detection

1. ~MeV scale dark matter: Kin Energy  = mv2/2 ~ (10-3c)2(MeV/c2)~eV.
 Below the ionization threshold! (v < 2*10-3 c)

2. Strongly-interacting subdominant component of Dark Matter. 
Thermalizes before reaching the underground lab,  
 Kin energy ~ kT ~0.03 eV

 (Typically cannot be entire DM, but is limited to fraction fc<10-3)

 Below the ionization threshold!
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1. Develop new technologies that will be sensitive to the sub-eV energy 
deposition.
2. Explore multiple collisions of DM to fill in “blind spots”

Low threshold 
DM detectors, 
105eve/kg/day

Large Xe DM 
detectors, 
10eve/t/year Solar n 

telescopes, 
100eve/kt/year

Sub-eV  eV    keV – 100 keV             MeV-10’s of MeV 

Main DM 

   signal

New technology direction

First collision with an 
energetic SM particle

Energetic DM 
sub-component

Detection 
collisions

Different strategies to cover blind spots



Excess background at low energy
• LZ, Xenon NT, the counting rate is as low as ~ 10 events / ton / year / 

keV ~ below 10-4 events/kg/day, With E >  0.5 keV 

• Typical counting rates at lowest threshold semiconductor detectors are 
large, currently plagued by unexplained excess:

%HOLQD�YRQ�.URVLJN�_�0DUJDULWD�.D]QDFKHHYD ,'0�����

KWWSV���DU[LY�RUJ�DEV������������

��

&ROODERUDWLYH�VXPPDU\�SDSHU�EDVHG�RQ�WKH�UHVXOWV�
UHSRUWHG�DW�(;&(66�����

Counting rates in low-threshold 
semiconductors, at a ~ few 10 eV 
electron recoil, ~ 106 events/kg/day 
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“Reflected DM”: extending the reach of Xe experiments 
to WIMP scattering on electrons

• (An, MP, Pradler, Ritz, PRL 2018, An, Nie, MP, Pradler, Ritz, 2108.10332, 
Emken, 2102.12483, Emken, Essig et al., to appear)

• DM can scatter inside the Sun and get accelerated above the ionization threshold

• Initial kinetic energy mdm(vdm)2/2 with vdm~10-3c (that has an endpoint at ~600 
km/sec )can be changed by scattering with electrons, vel ~ (2 Tcore /me)1/2 ~ up to 
0.1 c. In particular Ereflected can become larger than Eionization. 

• Huge penalty in the flux of “reflected” DM ~ 10-6 ~ solid angle of the Sun
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FIG. 2. Exclusion contours for reflected DM from a range of

experiments are shown in comparison to limits from XENON10

and XENON100 on scattering from the galactic DM halo popula-

tion [20, 23]. Filled contours reflect current limits, while dashed

contours denote future projections. The thick gray relic density

contour is for the DM model in Eq. (5). A vertical line at 100 keV

indicates a schematic lower limit from stellar energy loss while the

more model-dependent cosmological Ne↵ constraint is not shown

(see text).

Solar Reflection of Light DM. DM scattering on par-
ticles inside the Sun has been extensively studied as an
ingredient for the indirect signature of DM annihilation
to high energy neutrinos. The evolution of DM that in-
tercepts the Sun depends crucially on its mass. Given a
large enough elastic cross section on nuclei, WIMP dark
matter with mass above a few GeV can be e�ciently cap-
tured and thermalized. However, for light DM, the cap-
ture process is less e�cient, and DM tends to re-scatter
at larger radii and evaporate. The ‘evaporated’ compo-
nent of the DM flux impinging on the Earth may help
improve sensitivity to �n [24], and, as we are going to
show, the e↵ect mediated by �e is even more pronounced
for MeV and sub-MeV mass reflected DM; for a detailed
comparison between DM scattering on electrons vs. nu-
cleons inside the sun see [25].

Depending on the scattering cross section �e, and thus
the mean free path, reflection may occur after just one or
two interactions, or after partial thermalization through
multiple scatters within the Sun. The reflected DM flux
will be determined via a simulation which tracks the kine-
matics after initial entry into the Sun. We will assume
a velocity-independent s-wave cross section, but it is no-
table that the relative importance of the reflected flux
would be enhanced for models with a power-like depen-
dence of the cross section on the relative electron-DM
velocity, �e / (vrel)n, such as would occur e.g. for scat-
tering via higher multipoles.

To determine the reflected contribution to the DM flux,
the incoming velocity is assumed to follow a Maxwell-

Boltzmann distribution with an expectation value of
10�3, and an escape velocity cut-o↵ at 2⇥10�3. This ve-
locity is negligible compared to solar electrons, and thus
DM that scatters in the Sun acquires E

recoil
DM ⇠ T . To

gain some intuition, we note first that the probability of
scattering o↵ electrons in the solar core is approximately
�e⇥Rcore⇥n

core
e ⇠ �e/pb, and thus the Sun scatters e�-

ciently if �e � 1 pb. In this optically thick regime, scat-
tering occurs in the convective zone at a characteristic ra-

dius Rscatt given implicitly by �e

R R�
Rscatt

ne(R)dR ⇠ O(1).
It follows that the electron temperature, and thus the re-
coil energy, will depend on �e which in turn determines
Rscatt, through the radius-temperature relation [26]. As
the cross section is reduced, Rscatt also decreases and
E

refl,max
DM increases as scattering occurs in hotter regions

of the core. Further decreasing the cross section ulti-
mately increases the mean free path ⇠ (�ene)�1 beyond
the solar radius, and the strength of the reflected flux
is suppressed. The scattering probability and the back-
ground DM flux in the halo, defined through the number
density and average velocity as �halo

⌘ nDMv
halo
DM , may

be combined into a simple estimate for the reflected DM
flux incident on the Earth,

�refl ⇠
�halo

4
⇥

(
4Sg

3

�
Rcore
1A.U.

�2
�en

core
e Rcore, �e ⌧ 1 pb,

Sg

�
Rscatt
1A.U.

�2
, �e � 1 pb.

(2)
In the estimate (2), the overall coe�cient of 1/4 has a ge-
ometric origin from ⇡R

2
�/(4⇡(1A.U.)2). Sg denotes the

gravitational focussing e↵ect that enhances the area at
spatial infinity subtended by the e↵ective solar scatter-
ing disk ⇡R

2
scatt. For example, at Rscatt ⇠ R�, we have

Sg ⇠ 1+ v
2
esc/(v

halo
DM )2 ⇠ O(10), given the value of the so-

lar escape velocity vesc. We note that the overall energy
extracted from the Sun by reflected DM does not exceed
⇠ 10T ⇥ ⇡R

2
��

halo, and therefore is not constrained by
solar energetics being many orders of magnitude below
solar luminosity.
Taking a representative choice of mDM ⇠ 3MeV, one

can estimate the maximum value of the recoil energy dis-
tribution to be ⇠ 0.5T (Rscatt) at �e � 1pb. For exam-
ple, a single scatter would accelerate a 3 MeV DM parti-
cle up to ⇠ 100 eV energy for �e ⇠ 1 nb (Rscatt=0.8R�).
The reflected flux (2) in this optically thick regime is
105 cm�2s�1, leading to O(20) ionizations/day in 1kg of
Xe. This constitutes a detectable signal, and motivates
a more detailed analysis.
Our preliminary estimates (2) need to be augmented

to include the possibility of multiple scattering, which
can significantly impact the energy of the reflected par-
ticles. Since this is di�cult to treat analytically, we will
make use of a simulation to determine the energy spec-
trum and intensity of the reflected DM flux. The sim-
ulation scans the initial velocity and impact parameter
to determine the initial trajectory into the Sun. The
step size was chosen as 0.01R�, and the Standard So-
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FIG. 3. Normalized energy distributions FA⇢=16⇡R2
�
(E) (in eV ),

are shown for reflected DM with a mass of 3 MeV and the range of

scattering cross sections indicated. The initial velocity is assumed

to follow a Maxwell-Boltzmann distribution with an expectation

value of 10
�3

, and an escape velocity cut-o↵ at 2 ⇥ 10
�3

. It is

apparent that the distributions below 5-7 eV tend to that of the

background halo.

lar Model [26] was used to determine the temperature,
density and elemental abundance at each given radius.
For a given cross section �e, the scattering rate was then
determined probabilistically. If DM does not scatter, it
propagates to the next step with velocity shifted accord-
ing to the gravitational potential. If DM scatters, the
electron momentum was generated according to the tem-
perature distribution, and the new trajectory determined
by first boosting to the DM-electron rest frame, and as-
suming an s-wave cross section. The gravitational e↵ect
on the trajectory was included after each nontrivial scat-
tering. This process was repeated until the DM particle
exits the Sun.

We find that it is su�cient to limit our simulations
by a maximal impact parameter ⇢max = 4R�. Outside
that range, only the slowest DM particles will enter the
Sun, giving a highly subdominant contribution to the
reflected flux. Thus, we simulate the energy distribu-
tion FA⇢(E) of particles interacting with (or missing)
the Sun initially collected from the A⇢ = 16⇡R2

� im-
pact area. After accounting for the gravitational redshift,
E ! E � mDMv

2
esc/2, the distribution is normalized to

unity,
R1
0 dEFA⇢(E) = 1, and the resulting reflected DM

flux at Earth determined via

d�refl

dE
= �halo ⇥

A⇢FA⇢(E)

4⇡(1A.U.)2
. (3)

As there is some arbitrariness in A⇢, the simulated re-
flected flux contains an admixture of the initial un-
scattered distribution. This does not a↵ect subsequent
calculations because this component stays below detec-
tion thresholds.

Fig. 3 shows the final kinetic energy distribution at
Earth for 3 MeV DM particles. For �e ⇠ 1 nb, the distri-
bution turns over close to 100 eV, consistent with naive

estimates. Moreover, tracking the trajectories indicates
that DM does indeed have a higher probability to en-
ter the core region if the cross section is below about
10�34 cm2. Despite the lower cross-section, the enhanced
core temperature can in turn lead to less scatters for DM
to exit the Sun, resulting in the observed enhancement in
the tail of the distribution as the cross-section decreases.
However, the e↵ect eventually turns o↵ once the cross
section drops well below a pb, as the mean free path and
thus the collision rate becomes too low.

Direct detection via electron scattering. With the re-
flected DM flux and velocity distribution in hand, the
scattering signatures can be determined along the lines of
the DM-electron scattering analysis of [19, 20], with the
modifications outlined below. We consider DM scattering
o↵ bound electrons in the detector, having fixed energy
Ee = me � Eb, with binding energy Eb and a range of
momenta. The process of interest corresponds to atomic
ionization DM + A ! DM + A

+ + e
� with DM three-

momentum transfer ~q. To match the literature, we write
the di↵erential scattering rate as a function of electron
recoil energy in terms of a reference cross-section �e [20],

dh�nlvi

d lnER,e
=

�e

8µ2
DM,e

Z
dq q|fnl(q, p

0
e)|

2
|FDM(q)|2⌘(Emin),

(4)

where the DM form factor FDM can be taken to 1 if the
interaction is short range. We only consider cases where
the angular dependence is trivial, q = |~q|. The dimen-
sionless atomic form factor describing the strength of the
ionization process from atomic state n, l is given by

|fnl(q, p
0
e)|

2 =
p
0
e

⇡2q

Z p0
e+q

|p0
e�q|

dp
0
p
0

lX

m=�l

|h~p
0
e|e

i~q·~r
|nlmi|

2
.

We evaluate the latter using radial Hartree-Fock atomic
wavefunctions Rnl(r) [27] in  nlm(~r) = Rnl(r)Ylm(r̂) and
the plane wave approximation |~p

0
ei = e

i~p0
e·~r, including a

Sommerfeld factor with e↵ective charge Ze↵ = 1 [19];
p
0
e =

p
2meER,e. When mDM ⌧ 0.1MeV, ~q · ~r ⌧ 1

is possible. In order to avoid spurious contributions
to fnl from potential numerical non-orthogonality in
h~p

0
e|1|nlmi, we subtract the identity operator, and eval-

uate h~p
0
e|e

i~q·~r
� 1|nlmi in these cases instead. The event

rate from level (n, l) is then determined by evaluating
the average over the incoming energy spectrum of the re-
flected DM component, that in the nonrelativistic limit
is ⌘(Emin) =

R
Emin

dE(mDM/(2E))1/2(d�refl/dE)��1
halo.

Multiplying it by the flux and target density NT ,
we arrive at the total rate from the (n, l) state,
dRnl/d lnER,e = NT�halodh�nlvi/d lnER,e, where Emin

is the minimum DM energy required to produce an elec-
tron with ER,e recoil energy.
The resulting electron recoil energy spectrum is con-

verted into scintillation (S1) and ionization (S2) re-
sponses in liquid xenon experiments, dRnl/dSi =
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Analogy with Sunyaev-Zeldovich effect

• CMB photons are upscattered by hot gas in clusters of galaxies. 
Decrement at low frequency and increase at higher frequency. 

• Solar electrons will do the same to light dark matter. Sun will be 
seen as a “hot spot” in dark matter. 
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Contact mediator, limits on se

• Large Xe-based detectors improve sensitivity to se through reflected flux. 
Sensitivity to cross section on electrons down to 10-38 cm2. 

• Significant fraction of “freeze-out” line for DM abundance is excluded in a 
simple WIMP model. 

only electrons    electrons and protons

An, Nie, MP, Pradler, Ritz, 2017, 2022
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FIG. 9. Direct detection limits derived in this work from XENON1T S2 [27] and S1+S2 [28] data from solar
reflected DM in the limit of point-like interactions FDM = 1 (orange shaded regions as labeled.) The blue
shaded regions are previous direct detection limits using the galactic flux component from XENON1T [27],
XENON10 [29], and SENSEI [6]. The gray shaded regions to the left are stellar cooling constraints from red
giant (RG) stars [30] and from the proto-neutron star of SN1987a [31] for a dark photon-mediated model
with ↵D = 0.5 and mV = 3mDM. The freeze-out curve is for a complex scalar DM model [13]. Left panel:

only scattering with electrons is assumed; the solid orange line shows the data-driven limit on the charge
yield where the lowest energy deposition is 0.19 keV [32]. Right panel: various values for the scattering cross
section on ions, in relation to electrons are assumed as labeled. The additional scattering channel has the
net e↵ect of weakening the limits, because particles are reflected at larger, hence colder, solar radii.

The DM-electron cross section is conventionally written in terms of a reference value, where
the DM-electron three-momentum transfer is evaluated at the typical atomic scale q0 = ↵me,
�̄e ⌘ µ

2
e|M(q = q0)|2/(16⇡m2

�m
2
e), where |M(q)|2 is the squared matrix element for the scattering

on a free electron and µe is the DM-electron reduced mass. When the interactions are mediated
by a kinetically mixed vector (dark-photon), the cross section reads

�̄e =
16⇡2↵↵Dµ

2
e

(q2
0
+m2

V )
2
, (44)

where mV is the dark photon mass and ↵D = e
2

D/4⇡ with eD the gauge coupling in the dark
sector. The actual dependence of the cross section on momentum transfer is shifted into a “DM
form factor”,

|FDM(q)|2 ⌘
|M(q)|2

|M(q = q0)|2
=

(
1 contact
m2

V +q20
m2

V +q2
light med.

. (45)

Notably, in the limit mV ! 0 one recovers the millicharged DM model where Qe↵ = eD/e is the
fractional charge and FDM = (↵me/q)2.
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Massless mediators, limits on se

• Large Xe-based detectors improve sensitivity to se through reflected flux. 

• Second case, massless mediator = milli-charged dark matter, Xe1T is sensitive 
to Qeff ~ few 10-10 e.

• The results are cross-checked with Stony Brook group (some errors corrected)

cross section normalized on q=mea        Effective charge

An, Nie, MP, Pradler, Ritz, 2021
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FIG. 10. Direct detection limits from solar reflected DM as in Fig. 9 but for massless mediator interactions
or millicharged DM, FDM = (↵me/q)2. The standard galactic direct detection limits are from SENSEI [6],
XENON10 [29], and DAMIC [7]. The astrophysical SN1987a [31] and RG [33] cooling constraints are shown
as before. The freeze-in line is taken from [30]; see also [34]. Left panel: constraints in terms of the DM-
electron reference cross section evaluated at a momentum transfer q0 = ↵me. Right panel: constraints in
terms of the millicharge measured in units of the elementary charge Qe↵ ; in the dark photon model with
negligible vector mass, Qe↵ = eD/e holds, where eD is the gauge coupling in the dark sector.

A. Limits from XENON1T

The velocity averaged electron recoil cross section for ionization from an initial atomic state
with principal and angular quantum numbers n and l can be written in a standard form [35],

dh�n,li

d lnEe
=

�̄e

8µ2
e

Z
dq

⇥
q|FDM(q)|2|f ion

nl (pe, q)|
2
⌘(vmin(q,�En,l))

⇤
. (46)

Here, |f ion

nl (pe, q)|2 is an ionization form factor which depends on momentum transfer q and final
state electron momentrum through Ee = p

2
e/2me. The flux-average of the squared inverse speed is

denoted by ⌘(vmin).2 In the non-relativistic limit it reads,

⌘(Emin) =

Z

Emin

dE
mDM

2E

1

�halo

d�refl

dE
, (47)

where Emin is the minimum incident DM energy required to produce an electron of recoil energy
Ee after lifting it into the continuum by an investment of the binding energy |En,l|. In (47) we
normalize the integral to the halo flux �halo; the total ionization rate from the (n, l) orbital is then
given by dRnl/d lnEe = NT�halodh�nli/d lnEe, where NT is the target density.

The energy deposition �E = Ee + |En,l| induces an ionization signal in xenon (S2), and, for
E & 1 keVee, the scintillation signal (S1). In this work we use XENON1T S1+S2 data from [36]
and the S2-only data from [37]. We follow our previous work in modeling the formation of the
S1 and S2 signals and limit setting procedure [13]. For the ionization form factor |f

ion

nl (pe, q)|2

2 An additional factor 1/v is introduced as (46) is for dh�n,li instead of dh�n,lvi. A factor of v is contained in the
overall solar flux that multiplies the ionization cross section in the evaluation of the event rate.



Light DM accelerated by cosmic rays
• There is always a small energetic component to DM flux (Bringmann, 

Pospelov, PRL 2019, others) due to interaction with cosmic rays. 

• Typically: MeV DM mass à eV kinetic energy à sub-eV nuclear 
recoils. No limits for snucleon-DM for DM in the MeV range. 

• This is not quite true because there is always an energetic component 
for DM, not bound to the galaxy. Generated through the very same 
interaction cross section: sc

2

like) momentum transfer in the collision is given by Q2 =
2m�T�. For isotropic CR-DM scattering, both T� and
Q2 thus follow a flat distribution, with T� ranging from
0 to Tmax

� . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energy T�:

Tmin

i =

✓
T�

2
�mi

◆"
1±

s

1 +
2T�

m�

(mi+m�)
2

(2mi�T�)
2

#
, (2)

where the + (�) sign applies for T� > 2mi (T� < 2mi).
The local interstellar (LIS) population of CRs is well

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [17, 18] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
⇢�
m�

d�LIS
i

dTi
dTidV . (3)

The resulting CR-induced DM flux is thus obtained by
dividing by 4⇡d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:

d��

dTi
=

Z
d⌦

4⇡

Z

l.o.s.
d` ��i

⇢�
m�

d�i

dTi
⌘ ��i

⇢local�

m�

d�LIS
i

dTi
De↵ .(4)

In the second step, we have introduced an e↵ective dis-
tance out to which we take into account CRs as the source
of a possible high-velocity tail in the DM velocity dis-
tribution. Assuming an NFW profile [19] for the DM
distribution and a homogeneous CR distribution, e.g.,
performing the full line-of-sight integration out to 1 kpc
(10 kpc) results in De↵ = 0.997 kpc (De↵ = 8.02 kpc).
While the simplest models indeed assume homogeneous
CR di↵usion, with the di↵usion zone stretching out to at
least several kpc from the galactic disk [20–22], we note
that our e↵ective parameter De↵ in principle also covers
situations with inhomogeneous di↵usion coe�cients. Us-
ing Eq. (1), we can finally express the DM flux in terms
of the DM energy by integrating over all CR energies Ti:

d��

dT�
=

Z 1

0

dTi
d��

dTi

1

Tmax
� (Ti)

⇥
⇥
Tmax

� (Ti)� T�

⇤
. (5)

The flat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [23],

Gi(Q
2) = 1/(1 +Q2/⇤2

i )
2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton
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FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10GeV (from top to bottom). Dotted
lines show the contribution from CR proton scattering alone.
The flux is directly proportional to the elastic scattering cross
section, here chosen as �� = 10�30 cm2. In the inset, we
compare the corresponding 1D velocity distributions f(v) to
that of the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '

770MeV (⇤He ' 410MeV) [24]). We thus relate the
scattering cross section to that in the point-like limit by

d��i

d⌦
=

d��i

d⌦

����
Q2=0

G2

i (2m�T�) . (7)

Putting everything together, we expect the following
CR-induced DM flux:

d��

dT�
= De↵

⇢local�

m�
⇥ (8)

⇥

X

i

�0

�i G
2

i (2m�T�)

Z 1

Tmin
i

dTi
d�LIS

i /dTi

Tmax
� (Ti)

.

Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢
local

� )�1�3d��/dT�. For illus-
tration, we compare this to the Maxwellian distribution
of the standard halo model [25], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [26–29]. The
degradation in energy should also occur for the CRDM

Main idea: Collisions of DM 
with cosmic rays generate sub-
dominant DM flux with ~ 100 
MeV momentum – perfect for 
direct detection type recoil. 



Resulting limits on WIMP-nucleon scattering 

• Spin-independent limits. 
[Notice the constraint 
from Miniboone, from 
measurements of NC nu-p 
scattering]. Exclusion of s 
= 10-29-10-31cm2 ! 

• Scattering on free protons 
in e.g. Borexino, SNO, 
SK sre also very 
constraining e.g. for the 
spin-dependent scattering. 

• (Ema, Sala, Sato had an 
independent work along 
the same lines for se)



Updated limits on WIMP-nucleon scattering 

• More neutrino experiments can be used to “fill the gaps”, Beacom 
and Cappiello, 1906.11283 

• DM collaborations began to investigate solar & CR reflection idea.
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We report the first search for the elastic scatterings between cosmic-ray boosted sub-MeV dark
matter and electrons in the PandaX-4T liquid xenon experiment. Sub-MeV dark matter particles
can be accelerated by scattering with electrons in the cosmic rays and produce detectable electron
recoil signals in the detector. Using the commissioning data from PandaX-4T of 0.63 tonne·year
exposure, we set new constraints on DM-electron scattering cross sections for DM masses ranging
from 10 eV/c2 to 3 keV/c2.

The nature of dark matter (DM) is still a major mys-
tery in modern physics [1, 2]. In particular, DM mass

remains unknown and its possible values span tens of or-
ders in magnitude. Direct detection experiments usually
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Ref. [41].
Solar neutrino background mainly includes solar pp

neutrino from proton-proton fusion chain and solar 7Be
neutrino from electron capture of 7Be according to the
Standard Solar Model [42]. Their contributions are esti-
mated using the energy spectrum in Ref. [43], with xenon
atomic e↵ects taken into account, resulting in 43.3 ± 8.9
events.

The background from 136Xe two-neutrino double-�-
decay is estimated to be 34.0±1.9 events, using the half-
life measured in the PandaX-4T experiment [44]. The
process of two-neutrino double-electron-capture of 124Xe,
which has been observed by XENON1T experiment [45],
deposits an energy around 10 keV (LL shells). Its con-
tribution is estimated to be 2.2± 0.5 events according to
the measured half-life [46].

component Expected counts Best fit counts
Tritium 525± 31 525± 31
222Rn 323± 16 321± 13
220Rn 58± 15 57± 13
85Kr 94± 47 81± 24

Material 41.9± 8.6 41.4± 8.0
Solar neutrino 43.3± 8.9 42.7± 8.3

136Xe 34.0± 1.9 33.8± 1.9
127Xe 8.2± 2.1 8.4± 2.0
124Xe 2.2± 0.5 2.2± 0.5
8B 0.8± 0.3 0.8± 0.2

Neutron 1.1± 0.6 1.1± 0.5
Accidental 2.4± 0.5 2.4± 0.6
Surface 0.5± 0.1 0.5± 0.1
Sum 1143± 75 1117± 50
Data 1116

TABLE I. Expected background contribution of each kind in
selected data, as well as the background-only best fit values.
The tritium values are obtained from unconstrained fit.

A binned likelihood fit is carried out on the data with
measured and background-only best-fit spectra shown in
Fig. 2, employing consistent treatments for the system-
atic uncertainties as in Refs. [3, 41]. After the fit, the
data distribution is consistent with no excess of signal.
A profile likelihood ratio (PLR) [47, 48] is constructed as
the test statistics to derive the upper limits of CReDM
signals. Fig. 3 shows the 90% CL exclusion on the DM-
electron cross sections, together with the ±1� sensitivity
band obtained from the background-only pseudo-data.
The lowest DM mass is set to be 10 eV/c2 to avoid the
constraint by the Pauli exclusion principle for fermionic
DM [49]. For m� ⌧ me, the lower exclusion boundary
is approximately proportional to m2

� for the following
reasons. The accelerated CReDM flux d�/dT� roughly
scales with 1/m2

� due to the DM number density and
that d�/dT� approximately scales with m�/µ2

�e ⇠ 1/m�

(see Eq. (1)). The di↵erential cross section in the de-
tector in Eq. (2) also scales with 1/µ2

�e ⇠ 1/m2
�. The

resulting 1/m4
� dependence of the expected number of
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FIG. 2. Energy distribution of selected events in data and
stacked background components from the background-only
fit. The expected signals in PandaX-4T for DM masses of
1 keV/c2 and 1 MeV/c2 are shown in solid red and blue
lines (unstacked), with assumed DM-electron cross section of
10�36 cm2 and 10�31 cm2, respectively.

signal events leads to a m2
� dependence on the lower ex-

clusion boundary of �̄�e. The earth shielding e↵ects drive
the upper exclusion boundary, above which DM particles
can barely reach the detector. As shown in the figure, the
experimental coverage for the fermionic DM-electron in-
teraction in the sub-MeV range is sparse. In comparison
to the recent CDEX constraint using solar reflection [23],
we extend the mass range down by more than two orders
of magnitude.
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FIG. 3. The 90% CL exclusion region (red region), as well as
the green ±1� sensitivity band for the lower boundary. For
comparison, the constraints from DAMIC-M [7] (blue) and
CDEX Solar Reflection [23] (gray) are also shown.

In summary, we presented a new search for the DM-

2

focus on DM mass above GeV for the traditional weakly-
interacting massive particle (WIMP) with nuclear recoils
(NRs) [3–5], and can go lower to MeV range with electron
recoils (ERs) [6–9]. However, a few very well-motivated
DM models, such as the freeze-in [10, 11] or the asym-
metric DM [12–14], with a characteristic DM mass in the
sub-MeV region, remain much less explored due to the
detection threshold in the direct detection experiments.
In recent years, direct detection experiments have also
begun to apply new mechanisms, such as various acceler-
ation processes [15–23] and absorption [24–26], in order
to surpass the detector threshold to probe sub-MeV DM.

Previously, in the PandaX-II experiment, we searched
for the scatterings between nucleons and sub-GeV DM
accelerated by cosmic rays (CRs) [27]. Similarly, if DM
particles can scatter with electrons in the detector, they
will inevitably collide with electrons in the cosmic rays.
This collision can boost their kinetic energy. Conse-
quently, in the detector, the electron recoil energy ob-
tained from the scattering by the DM can exceed the de-
tection threshold even for sub-MeV DMs. In this letter,
we report a search for the ER signals from the scatter-
ings of cosmic ray electron boosted DMs (CReDM) in
the PandaX-4T liquid xenon detector [3], located in the
China Jinping Underground Laboratory (CJPL) [28, 29].

The prediction of CReDM signals involves the accel-
eration of DM by CRs, the attenuation of DM flux
in the Earth, and the DM scattering with electrons in
the detector. For the acceleration process, we employ
the approach in Ref. [30], which simulates the Galactic
CR electron distribution using the GALPROP code with
the best-fit parameters from the GALPROP-HelMod anal-
ysis [31], and assumes a Navarro-Frenk-White halo pro-
file [32] for the Galactic DM distribution. The local den-
sity of the DM is set to be the conventional value of
⇢� = 0.3 GeV/cm3 [3]. We consider a typical scenario
where the fermionic DM particle � and the electron e
interact in the form Lint = G�̄�µ�ē�µe, where G is the
e↵ective vector coupling constant. The vector coupling
is realized in popular models such as dark photon [33]
and B � L gauge boson models [34]. The di↵erential
scattering cross section for the relativistic CR electron
scattering o↵ the halo DM, which is approximately at
rest, can be calculated as

d��e

dT�
=

�̄�e

4µ2
�eT

CR
e (TCR

e + 2me)

h
2m�(me + TCR

e )2

� T�

�
2m�T

CR
e + (m� +me)

2
�
+m�T

2
�

i
,

(1)

where m� (me) and T� (TCR
e ) are the mass and kinetic

energy of the DM particle (CR electron), respectively,
µ�e ⌘ m�me/(m� + me) is the DM-electron reduced
mass, and the e↵ective cross section �̄�e is defined as
�̄�e ⌘ G2µ2

�e/⇡.
CJPL has a rock overburden of about 2.4 km. To cal-

culate the attenuation of the CReDM, we employ the

Monte Carlo (MC) simulation method developed in our
previous work [27], with nucleon targets replaced by elec-
trons. Although electrons within the Earth are usually
bound within atoms, the mean energy transfer associated
with the attenuation process for a typical MeV-energy
CReDM particle is around 0.3 MeV, which is significantly
larger than the binding energy of atoms which is O(10)
keV at most. Therefore, we employ free electron scat-
tering in our simulation for simplicity. The resultant dif-
ferential scattering cross section has the same formula
as Eq. 1 with � and e exchanged. Since the scattering
cross section for free electrons is typically larger than
that for bound electrons [35], this approximation results
in stronger attenuation and, consequently, more conser-
vative DM signal yield in the detector.

The upper panel of Fig. 1 shows the di↵erential
CReDM flux reaching the detector d�/dT� for a set
of benchmark parameters m� = 1 keV/c2 and �̄�e =
10�36 cm2, compared with the surface flux without the
Earth attenuation (blue line). As we can see, most DM

FIG. 1. The upper panel shows the flux of CReDM for m� =
1 keV/c2 and �̄�e = 10�36 cm2 on the Earth’s surface and that
reaching the PandaX-4T detector after attenuation, including
particles that come in from the front and back of the Earth.
The lower panel shows the di↵erential recoil events rate in the
xenon detector for m� = 1 keV/c2 and m� = 1 MeV/c2.



Two blind areas for direct detection

1. ~MeV scale dark matter: Kin Energy  = mv2/2 ~ (10-3c)2(MeV/c2)~eV.
 Below the ionization threshold!

2. Strongly-interacting subdominant component of Dark Matter. 
Thermalizes before reaching the underground lab,  
 Kin energy ~ kT ~0.03 eV

 (Typically cannot be entire DM, but is limited to fraction f<10-3)

 Below the ionization threshold!

Nightmare embarrassing scenario



Rare species of strongly interacting dark matter
• Most advanced direct dark matter detection experiments are so far 

ahead of other probes that we would not be able to distinguish 
between (fc = 1 and s = 10 - 47 cm2, and e.g. fc = 10-3 and s = 10-44 
cm2 )

• Assuming a wide range of fc , 10 -10 to 1 is reasonable, as it can be 
broadly consistent with the freeze-out models. 

• If fc << 1 (e.g. 10-5 ) significant blind spots exist for large scattering 
cross section values (e.g. 10-28 cm2) which can easily arise in models 
with relatively light mediators. The accumulation and distribution of 
DM inside astrophysical bodies (most importantly, the Earth) will 
change. 
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Model realization

§ Dark photon mediate DM with mA’ <mc.

4

2⇥1010 cm3. If evaporation can be neglected, this reduces
to a simple intuitive result,

�SK
ann = �cap ⇥

VSKG2
�(R�)

4⇡
R R�
0 r2drG2

�(r)

G�!1
����! �cap ⇥

VSK

V�
,

(9)

where the second relation applies in the limit of a uni-
form distribution. For su�ciently large scattering cross
sections ��n and m� 2 [1, 5]GeV, we find annihilation
rates in SK of �SK

ann ' 106 yr�1 (f�/10�5). If the anni-
hilations result in visible energy, such rates are very sig-
nificant, and may even exceed any counting rates in SK
by orders of magnitude. We note that this is a drastic
departure from the tiny event rate expected for a weakly
interacting DM candidate that does not build a large
over-concentration near the surface of the Earth [33].

Given the relevant energy range of annihilations, equal
to m� = 1–5GeV, we observe that the closest SK ex-
perimental analysis for our purposes is the search for
di-nucleon decay of Ref. [34, 35], where the main back-
ground is from atmospheric neutrinos. The SK col-
laboration has shown that in certain decay channels,
such as nn ! 2⇡0

! 4�, cuts on fiducial volume, en-
ergy, invariant mass, and multiplicity remove essentially
all background, achieving single-event sensitivity [34].
Based on these considerations, we derive an anticipated
SK exclusion on annihilating DMCs under the assump-
tions that the annihilation final state allows for a simi-
lar background-free identification, and that the resulting
signal can be identified with an e�ciency of 10% as in
Ref. [34]. To do so, we compare our predicted detected
signal rates with the limit rate of 3 events for a 282.1
kiloton-yr exposure: �SK

ann < �SK
lim = 0.24 yr�1. While a

full experimental analysis is needed, our calculation indi-
cates that new exclusions on the DM-nucleon scattering
cross-section could be obtained from existing SK data
over the mass range of m� ' 1–5 GeV, even when the
annihilating species � makes up only a tiny fraction of
the total DM density.

We illustrate the anticipated SK sensitivity to DMC
annihilation as a function of � mass m� and per-nucleon
cross section ��n in Fig. 1 for f� = 10�4, 10�6, 10�8,
and 10�10. At the lower end of the DMC mass range,
the shapes of the exclusion regions are solely determined
by thermal evaporation, whereas at the upper end they
are set by both thermal evaporation and rapid depletion
of the surface density of Earth-bound DM due to gravity.
Note that the anticipated sensitivity of this method ex-
tends down to very tiny DMC fractions. Quantitatively,
for f� = 10�10, m� = 2.5GeV, and ��n = 10�28 cm2, the
expected event rate at SK can be as high as 15 events per
year, which constitutes a detectable signal. Note as well
that the assumption of a background-free search is not
entirely crucial for obtaining bounds. Indeed, as Fig. 1
shows, the change from f� = 10�4

! 10�6 leads to

a modest reduction of the excluded parameter space at
large m�. Since the signal is proportional to f�, a simi-
lar reduction would occur if the experimental limit rate
is weakened by a similar factor, �SK

lim ! 100 ⇥ �SK
lim. We

conclude that the limits from SK are robust, and should
be applicable to a wide class of models.
Also shown in Fig. 1 for comparison are exclusions

from several surface and underground direct detection
experiments searches [20–25]. To adjust the experimen-
tal bounds given for f� = 1 to the smaller fractions of
interest here, we have applied the simplified method de-
scribed in [14]. As shown in Ref. [36], this approach gives
a reasonable approximation to more computationally in-
tensive calculations such as Refs. [37–40]. We note, how-
ever, that the simplified method we use tends to overesti-
mate slightly the exclusions at small f� ⌧ 1 [36]. Thus,
the unexcluded regions where our SK annihilation pro-
posal shows new sensitivity are expected to be robust.
Secluded Relic Model: To illustrate our results in a
concrete model, we consider a dark sector that with a
Dirac fermion DMC � coupled to a dark photon A0 with
the low-energy e↵ective Lagrangian

L = �
1

4

�
F 0
µ⌫

�2
�

✏

2
F 0
µ⌫F

µ⌫ +
1

2
m2

A0
�
A0

µ

�2

+ �̄(i�µDµ �m�)� , (10)

where ✏ describes kinetic mixing with the photon, mA0

is the mass of dark photon, Dµ = @µ � igdA0
µ, and gd ⌘

p
4⇡ ↵d is the dark coupling constant.
Annihilation of � to dark photons which subsequently

decay to SM particles, ��̄ ! A0A0 with A0
! SM, is

possible for mA0 < m� [19] and e�ciently depletes the
abundance of � to produce f� ⌧ 1 for moderate ↵d. The
annihilation rate during freezeout can receive a signifi-
cant non-perturbative enhancement for larger ↵d & 0.05
and m� � mA0 [41, 42]. We compute f� in terms of
the model parameters assuming thermal freezeout by ap-
proximating the potential between annihilating � and �̄
with a Hulthèn potential, which has been shown to give
a very good estimate of the full result [43, 44].
The perturbative cross section for � to scatter on a

nucleus (Z,A) is related to the model parameters by [19]

��A =
16⇡Z2↵↵d✏2µ2

�A

m4
A0

, (11)

where Z is the atomic number of the nuclei, mA is its
mass, and ↵ is the fine-structure constant. To make
connection with direct detection constraints, one can de-
fine an e↵ective per nucleon scattering cross section via
��A = ��n A2 (µ�A/µ�n)

2 with A is the mass number of
the nuclei, and µ�A(n) is the reduced mass of the DM-
nucleus (nucleon) system.
In Fig. 2 we show the sensitivity of our approach to this

representative model for m� = 2.5GeV and ↵d = 0.3 as

4

2⇥1010 cm3. If evaporation can be neglected, this reduces
to a simple intuitive result,

�SK
ann = �cap ⇥

VSKG2
�(R�)

4⇡
R R�
0 r2drG2

�(r)

G�!1
����! �cap ⇥

VSK

V�
,
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where the second relation applies in the limit of a uni-
form distribution. For su�ciently large scattering cross
sections ��n and m� 2 [1, 5]GeV, we find annihilation
rates in SK of �SK

ann ' 106 yr�1 (f�/10�5). If the anni-
hilations result in visible energy, such rates are very sig-
nificant, and may even exceed any counting rates in SK
by orders of magnitude. We note that this is a drastic
departure from the tiny event rate expected for a weakly
interacting DM candidate that does not build a large
over-concentration near the surface of the Earth [33].

Given the relevant energy range of annihilations, equal
to m� = 1–5GeV, we observe that the closest SK ex-
perimental analysis for our purposes is the search for
di-nucleon decay of Ref. [34, 35], where the main back-
ground is from atmospheric neutrinos. The SK col-
laboration has shown that in certain decay channels,
such as nn ! 2⇡0

! 4�, cuts on fiducial volume, en-
ergy, invariant mass, and multiplicity remove essentially
all background, achieving single-event sensitivity [34].
Based on these considerations, we derive an anticipated
SK exclusion on annihilating DMCs under the assump-
tions that the annihilation final state allows for a simi-
lar background-free identification, and that the resulting
signal can be identified with an e�ciency of 10% as in
Ref. [34]. To do so, we compare our predicted detected
signal rates with the limit rate of 3 events for a 282.1
kiloton-yr exposure: �SK

ann < �SK
lim = 0.24 yr�1. While a

full experimental analysis is needed, our calculation indi-
cates that new exclusions on the DM-nucleon scattering
cross-section could be obtained from existing SK data
over the mass range of m� ' 1–5 GeV, even when the
annihilating species � makes up only a tiny fraction of
the total DM density.

We illustrate the anticipated SK sensitivity to DMC
annihilation as a function of � mass m� and per-nucleon
cross section ��n in Fig. 1 for f� = 10�4, 10�6, 10�8,
and 10�10. At the lower end of the DMC mass range,
the shapes of the exclusion regions are solely determined
by thermal evaporation, whereas at the upper end they
are set by both thermal evaporation and rapid depletion
of the surface density of Earth-bound DM due to gravity.
Note that the anticipated sensitivity of this method ex-
tends down to very tiny DMC fractions. Quantitatively,
for f� = 10�10, m� = 2.5GeV, and ��n = 10�28 cm2, the
expected event rate at SK can be as high as 15 events per
year, which constitutes a detectable signal. Note as well
that the assumption of a background-free search is not
entirely crucial for obtaining bounds. Indeed, as Fig. 1
shows, the change from f� = 10�4

! 10�6 leads to

a modest reduction of the excluded parameter space at
large m�. Since the signal is proportional to f�, a simi-
lar reduction would occur if the experimental limit rate
is weakened by a similar factor, �SK

lim ! 100 ⇥ �SK
lim. We

conclude that the limits from SK are robust, and should
be applicable to a wide class of models.
Also shown in Fig. 1 for comparison are exclusions

from several surface and underground direct detection
experiments searches [20–25]. To adjust the experimen-
tal bounds given for f� = 1 to the smaller fractions of
interest here, we have applied the simplified method de-
scribed in [14]. As shown in Ref. [36], this approach gives
a reasonable approximation to more computationally in-
tensive calculations such as Refs. [37–40]. We note, how-
ever, that the simplified method we use tends to overesti-
mate slightly the exclusions at small f� ⌧ 1 [36]. Thus,
the unexcluded regions where our SK annihilation pro-
posal shows new sensitivity are expected to be robust.
Secluded Relic Model: To illustrate our results in a
concrete model, we consider a dark sector that with a
Dirac fermion DMC � coupled to a dark photon A0 with
the low-energy e↵ective Lagrangian

L = �
1

4

�
F 0
µ⌫

�2
�

✏

2
F 0
µ⌫F

µ⌫ +
1

2
m2

A0
�
A0

µ

�2

+ �̄(i�µDµ �m�)� , (10)

where ✏ describes kinetic mixing with the photon, mA0

is the mass of dark photon, Dµ = @µ � igdA0
µ, and gd ⌘

p
4⇡ ↵d is the dark coupling constant.
Annihilation of � to dark photons which subsequently

decay to SM particles, ��̄ ! A0A0 with A0
! SM, is

possible for mA0 < m� [19] and e�ciently depletes the
abundance of � to produce f� ⌧ 1 for moderate ↵d. The
annihilation rate during freezeout can receive a signifi-
cant non-perturbative enhancement for larger ↵d & 0.05
and m� � mA0 [41, 42]. We compute f� in terms of
the model parameters assuming thermal freezeout by ap-
proximating the potential between annihilating � and �̄
with a Hulthèn potential, which has been shown to give
a very good estimate of the full result [43, 44].
The perturbative cross section for � to scatter on a

nucleus (Z,A) is related to the model parameters by [19]

��A =
16⇡Z2↵↵d✏2µ2

�A

m4
A0

, (11)

where Z is the atomic number of the nuclei, mA is its
mass, and ↵ is the fine-structure constant. To make
connection with direct detection constraints, one can de-
fine an e↵ective per nucleon scattering cross section via
��A = ��n A2 (µ�A/µ�n)

2 with A is the mass number of
the nuclei, and µ�A(n) is the reduced mass of the DM-
nucleus (nucleon) system.
In Fig. 2 we show the sensitivity of our approach to this

representative model for m� = 2.5GeV and ↵d = 0.3 as

Main process: 

Dark coupling constant of 0.3 and dark matter mass of 2.5 GeV 
results in the fractional abundance ~ 3 10-9. Scattering cross 
section on nucleons is large, if mA’ is in 10’s of MeV range!
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Rare species can be accumulated in large amounts
• When the cross section on nuclei is small, the probability of capture is 

very small

• When the cross section is large, the maximum capture = Flux * 
p(REarth)2 ~ 1024 /sec for a 10 GeV WIMP. More than 10 order of 
magnitude enhancement. 



Dark matter traffic jam 
• Rapid thermalization 

• Flux conservation:  vinnhalo = 
vterminal nlab.

• Terminal sinking velocity is 
determined by the effective 
mobility (~ inverse cross section) 
and gravitational forcing

• Change in velocity from incoming 
~ 107 cm/s to typical sinking 
velocity of 10 cm/s results in  nlab  
~ 106 nhalo . Not visible to DD

• At masses < 10 GeV upward flux 
is important and density goes up.

Rapid thermalization

Incoming particles

Diffusion biased by 
gravitational drift

A lab

6

A. The DM Tra�c Jam

To estimate the density enhancement in the DM traf-
fic jam, we begin by first estimating the terminal velocity
with which the DM sinks through the ground. The den-
sity enhancement then follows from flux conservation.

We work in the limit where the DM interacts su�-
ciently strongly with nuclei so that it thermalizes when
it goes underground. This is the range of parameters that
is of most interest, since the scattering of DM is otherwise
constrained by low threshold detectors such as CRESST.
Thermalization is of course progressively harder at heav-
ier masses since several collisions are necessary for the
DM to thermalize with the rock. To avoid rather strong
constraints on anomalous isotopic abundances, we will
assume that the strongly interacting DM has repulsive
interaction with nuclei.

To perform an estimate of the density enhancement,
we need a coherent (transport) scattering cross-section �t

of DM with nuclei of atomic mass A. We notice that in
principle, there are two main regimes for such a scattering
cross section. The first regime can be achieved when
the perturbative treatment is possible. Then, given the
input cross section on an individual nucleon, the overall
elastic cross section on the nucleus could be described as
�el = A

2
�nµ

2(mA,m�)/m2
p
, which reduces to A

4
�n at

M� � mA. On the hand, if we keep increasing �n this
scaling with A breaks down. Describing the DM-nucleus
potential as a square barrier, we observed that the strong
interaction limit corresponds to RA � 1, where  is the
virtual momentum inside the barrier [18], and the elastic
cross section is expected to be 4⇡R2

A
. For the slow-down

process, we need a transport cross section, and we assume
it to be on the same order of magnitude as the elastic one.
Thus, we choose the following ansatz for the �-nucleus
transport cross section,

�t = Min(A4
�n, 4⇡R

2
A
). (13)

After DM is fully thermalized, it is not stationary, but
continues slowly sinking towards the center of the Earth
due to the Earth’s gravitational field. The average ter-
minal downward velocity in any medium is given by [19]

vterm =
3M�gT

m2
gasnh�tv

3
thi

(14)

where M� is the DM mass, mgas is the mass of gas par-
ticle, n is the number density of gas particles, �t is the
transport cross section, vth the thermal velocity of gas
particles (for solids, velocity due to vibrational motion)1.

1
This e↵ect was discussed in [2]. However, their estimate dif-

fers from the calculations of [19]. Moreover, [2] did not account

for the saturation of the DM nucleon scattering cross-section at

large A and did not use the correct reduced mass in the collision

between DM and nuclei.

This terminal velocity vterm is lower than the initial
(galactic) DM velocity, leading to the DM pile up and a
resulting density enhancement. From flux conservation,
the density enhancement is:

⌘ =
⇢lab

⇢ss
=

vvir

vterm
(15)

where ⇢lab is the DM density at a location of an under-
ground lab, ⇢ss is the solar system DM density, and vvir

is the local virial velocity of DM.
This density enhancement exists as long as the DM

thermalizes with the rock. However, for heavy enough
DM there are two additional e↵ects that need to be taken
into account. For large m� the thermalization requires
more scattering, and there will eventually not be enough
column depth in the rock to achieve thermal velocity at
a given laboratory depth. Moreover, when the downward
velocity of DM becomes smaller in magnitude than vterm,
the thermalization is not complete, as on average the
vertical component of the DM velocity is larger than the
terminal sinking velocity. Both of these e↵ects cut o↵ the
density enhancement for heavy DM, as shown in Fig. 2
and discussed below.
Many underground labs with developed DD program

are located at depths exceeding 1 km. However, the pre-
cision experiments with metastable tantalum were per-
formed in the Hades observatory, at a more shallow loca-
tion. For our estimates, we take the Hades observatory to
be 300 m below the surface. In our estimates, we take the
density of soil/rock to be ⇢ = 3 gm

cm3 , ambient temperature
T = 300K, mgas ⇠ A ⇥ GeV and take A ⇠ 30 for rock.
With these numbers, we plot the density enhancement ⌘
for three di↵erent masses M� = 100GeV, 1TeV, 10TeV
in Fig. 2 (Left). There are three distinct regimes at play.
For small cross-sections, there is an exponential regime
where the column density is not enough to slow DM par-
ticles down to the thermal velocity vth. As the downward
velocity approaches the thermal velocity, the slow down
is enhanced leading to a jump to vth. Next, for cross-
sections where vertical velocity drops below vth, the ad-
ditional column density leads to further slowing down,
leading to a linear regime: the DM density enhancement
is linearly proportional to the size of the elastic cross sec-
tion. Finally, once vterm is reached, there is no further
slow down and a flat regime for the density enhancement
is achieved.
Fig. 2 (Right) shows contours of equal ⌘ in the �N

vs M� plane. ⌘ increases as a function of �n till �n ⇠

10�30 cm2 which corresponds to the saturated geometric
cross-section in Eqn.(13) and there is no further enhance-
ment. As mass of DM, M� is dialed up, the terminal
velocity increases linearly as in (14), and as a result ⌘

decreases linearly. However for large enough mass, the
relevant column depth is not enough to thermalize and
hence there is an exponential decrease in ⌘ as a function
of M�. Thus, we conclude that the value of the enhance-
ment factor is quite sensitive to particular details of the
strongly-interacting DM model (mass, cross section), and
can vary in a large range.

MP, Rajendran, Ramani 2019 MP, 
Ramani 2020, Berlin, Liu, MP, 
Ramani, 2021
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Density of trapped particles: best mass range = 
few GeV. 

§ Lowest mass – evaporation, Highest mass – traffic jam, intermediate 
mass – trapping with almost uniform distribution inside Earth’s 
volume.

§ Enhancement of the density can be as high as 1014. (First noted by 
Farrar and collaborators)

§ “Less is more”. Having 1 GeV particle with fc = 10-5 fractional DM 
abundance may result in ~ 109/cm3 concentrations, not 10-5/cm3 . This 
has to be exploited. 
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FIG. 2. Enhanced density of a strongly interacting dark mat-
ter species � at a depth of 1.4 km under the surface of the
Earth as a function of mass (m�) and per-nucleon cross sec-
tion (��n), with both thermal and traffic jam populations
included. The DM-nuclear interaction is assumed to be spin-
independent with equal couplings to protons and neutrons.

C. Enhanced Densities

In Fig. 2 we show the enhanced density of DM at
a depth of z = 1.4 km under the Earth, correspond-
ing to the overburden at LNGS, as a function of mass
m� and per-nucleon cross section ��n. Both the ther-
mal and traffic jam contributions to the enhanced den-
sity are included. To connect the per-nucleon cross
section to cross sections on nuclei, we take �T,N =

min{A2
(µ�N/µ�n)

2��n, 4⇡ r2N}, where A is the atomic
mass of nucleus N and rN ' (1.2 fm)A1/3 is the nuclear
radius. This form corresponds to a SI point interaction
with a nuclear form factor of unity together with a sat-
uration of the cross section at the geometric area of the
nucleus [46, 70]. Since most of the scatterings leading to
capture and accumulation have a low momentum trans-
fer relative to the inverse nuclear radii 1/rN , we expect
that setting the nuclear form factor to unity should be a
good approximation.

The DM densities shown in Fig. 2 are much larger than
the local halo density, particularly for larger cross sec-
tions. This enhancement has two primary features corre-
sponding to the thermal and traffic jam components, re-
spectively. The greatest enhancement between m� ⇠ 1–
10 GeV comes from thermal accumulation, and coincides
with that found in Ref. [43]. Evaporation depletes this
population for m� . 1 GeV, while for m� & 10 GeV the
thermal population is mainly located deeper within the
Earth.3 Instead, the dominant enhancement at larger
masses m� & 10 GeV comes from the traffic jam popu-
lation. If � makes up only a fraction f� of the total DM
energy density, the densities shown in Fig. 2 are reduced
by the same factor.

3
Since we do not consider evaporation effects in our traffic jam

calculations, we only include this component of the enhanced

density for m� � 1 GeV.

III. UPSCATTERING OF DARK MATTER BY
ACCELERATOR BEAMS

In this section we investigate the upscattering of
strongly interacting dark matter by the beams of deep
underground accelerators such as LUNA [49, 50], LUNA-
MV [51, 52], JUNA [53], and CASPAR [54]. We com-
pute the upscattering rates as well as the detection rates
through elastic nuclear scattering in a xenon detector of
modest size.

A. Dark Matter Upscattering by Accelerator
Beams

Consider a beam of nuclei of mass mb and kinetic en-
ergy Eb ⌧ mb incident on a cloud of DM particles �
effectively at rest. If a beam nucleus collides with a DM
particle in the cloud, the DM will be upscattered to a
velocity

v� =

✓
2µ�b

m�

◆r
2Eb

mb
cos ✓ , (10)

where ✓ is the angle of the outgoing DM relative to the
beam direction. Should the upscattered DM particle col-
lide with a target nucleus N = (A,Z) in a detector, the
nucleus will recoil with kinetic energy

ER =
(2µ�N v� cos↵)2

2mN
(11)

= Eb

✓
2µ�N

mN

◆✓
2µ�N

m�

◆✓
2µ�b

mb

◆✓
2µ�b

m�

◆
cos

2 ✓ cos
2 ↵

⌘ Emax

R cos
2 ↵ ,

where ↵ is the angle between the recoiling nucleus and
the incident DM direction. We note that all the factors
multiplying Eb in this expression are less than unity and
represent the combined kinematic suppression from the
two scattering reactions involved.

In Fig. 3 we show the maximum nuclear recoil energies
Emax

R setting cos ✓ = 1 for DM upscattered by beams
of protons (left) or carbon (right) with kinetic energies
Eb = 0.4 MeV (solid) and Eb = 1.0 MeV (dashed) on
targets of hydrogen (H), helium (He), germanium (Ge),
and xenon (Xe). These recoil energies fall within the
sensitivity windows of typical underground nuclear recoil
DM detectors.

Given an accelerator beam of particles with energy Eb,
total current Ib, and charge per particle Qb, the differen-
tial rate of DM upscattering per unit beam travel length
is

dN�

dt dz dc✓
=

Ib
Qb

n�
d��b

dc✓
, (12)

where c✓ = cos ✓ corresponds to the outgoing DM angle
relative to the beam, z 2 [�L/2, L/2] ranges over the
beam travel region after full acceleration, and n� is the
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Signature #1: annihilation inside the SK volume
§ DM is often searched by its annihilation to neutrinos, with subsequent 

conversion of neutrinos to visible energy inside neutrino telescopes
§ We propose that DM can be searched with direct annihilation inside 

detector volumes in the mass range ~ 1-5 GeV.

§ Hydrostatic population is built up by incoming DM until it is counter-
balanced by the annihilation (we assume s-wave). The distribution 
over radius is given by Euler eq. (see our papers, + Leane, Smirnov)

§ Annihilation rate inside SK is easily calculable

2

on the parameter space.
Accumulation and Distribution of DMC: Consider
a DMC � with mass m�, DM fraction f�, e↵ective nu-
cleon cross section ��n, and self-annihilation cross sec-
tion h�viann. If the relic density of � arises from thermal
freezeout, the fraction f� can be determined from the an-
nihilation rate in the early Universe with an approximate
relation f� / 1/h�viann(T ' m�/25). Extrapolating this
high-temperature cross section to the present-day terres-
trial environment depends in a crucial way on the under-
lying microphysics. In what follows we will concentrate
for the most part on s-wave annihilation, which implies
a nearly constant h�viann.

The total number of � particles N� inside the Earth
evolves as

dN�

dt
= �cap �N�⌧

�1
evap �N2

�⌧
�1
ann , (1)

The right hand side of this equation contains the cap-
ture, evaporation and annihilation rates; we will discuss
each of them in detail below. If dynamical equilibrium is
reached, dN�/dt = 0.

Starting with the capture rate �cap, we can write it as

�cap = fcap ⇥ �geom = fcap ⇥

r
8

3⇡

f�⇢DMvgal
m�

⇥ ⇡R2
� ,

(2)

where ⇢DM = 0.4GeV cm�3 denotes the local Galactic
DM density, vgal = 220 km/s is the typical velocity of the
DM particles in the Galactic halo, and R� is the radius of
the Earth. We have also defined here the geometric cap-
ture rate (�geom), which occurs when all the � particles
that impact the Earth get trapped. The quantity fcap
denotes the capture fraction that accounts for deviations
from the geometric rate; for strongly-interacting DMCs,
for which the Earth is optically thick, fcap depends on
the relic mass. It approaches unity for m� � mA, where
mA is a typical nuclear mass in the Earth, while lighter
DMCs have a reduced fcap due to reflection. We use the
recent numerical simulations of Ref. [26] to estimate the
value of fcap, which are found to agree reasonably well
with previous analytical estimates [8]; for m� = 1 GeV
we find fcap ' 0.1.

In order to determine ⌧�1
evap and ⌧�1

ann, we need to ad-
dress the spatial distribution of the Earth-bound DM
particles inside the Earth. To this end, we introduce
the number density of captured � particles, n�(r), along
with the dimensionless radial profile function, G�(r),

Z R�

r=0
dr 4⇡r2n�(r) = N�, G�(r) ⌘

V�n�

N�
. (3)

For the uniform, radius independent, distribution of �,
the profile function is trivial, G�(r) = 1. To determine
n�(r), one turns to the Boltzmann equation that com-
bines the e↵ects of gravity, concentration di↵usion, and

thermal di↵usion [10, 27]. Moreover, noting that the dif-
fusional time scales for WIMPs are short compared to all
other scales in the problem, one can use the hydrostatic
equilibrium equation

rn�(r)

n�(r)
+ (+ 1)

rT (r)

T (r)
+

m�g(r)

kBT (r)
= 0 (4)

where T (r) denotes the temperature profile of the Earth
and g(r) is its density profile, which we obtain from
Refs. [28, 29]. The coe�cient responsible for thermal
di↵usion,  ⇠ �1/

⇥
2(1 +m�/mA)3/2

⇤
, is independent

of ��n as long it remains approximately constant within
the range of thermal energies. Rescaling to write this
expression in terms of G�(r), it is, importantly, indepen-
dent of the total number of trapped particles N�. Upon
solving Eq. (4), we find that for m� . 5 GeV the density
profile is relatively constant and increases only mildly to-
wards the Earth’s center. For larger m�, the � particles
tend to settle towards the core and have much smaller
density near the surface.
Evaporation is particularly important for light DMCs

because thermal processes within the Earth can give the
particles with enough energy to escape. In the opti-
cally thick regime, evaporation of strongly interacting
DMCs is impeded by their scattering with material in
the Earth and the atmosphere on the way out [8]. We
adopt the Jeans’ expression for the evaporation rate in
this regime [8],

⌧�1
evap = G�(RLSS)⇥

3R2
LSS

R3
�

⇥
v2LSS + v2esc
2⇡1/2vLSS

exp

✓
�

v2esc
v2LSS

◆
,

(5)

where RLSS and vLSS are the radius and DM thermal
velocity at the last scattering surface of the � particle.
The radius RLSS is the value for which a typical ther-
mal � particle can escape without undergoing any further
scattering. For the large elastic cross sections of primary
interest here, RLSS lies near the surface of the Earth or
in the atmosphere, i.e., RLSS ' R�.
Qualitatively, we find that evaporation is always neg-

ligible for DM heavier than 10 GeV, and is always im-
portant for m� . 1GeV irrespective of the DM-nucleon
scattering cross-section [26, 30–32]. Together with the
radial distribution G�(r) discussed above, this dictates a
mass range over which the direct annihilation of DMCs
within the volumes of neutrino telescopes can be observed

1GeV . m� . 5GeV . (6)

Outside of this mass domain, either G�(R�) or ⌧evap is
very small and the corresponding annihilation is signal is
extremely weak.
Finally, the annihilation rate is given by

⌧�1
ann =

4⇡

N2
�

Z R�

0
dr r2n2

�(r)h�viann

3
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FIG. 1. Expected constraints on the DM-nucleon scattering cross-section ��n from non-observation of DMC annihilation inside
the fiducial volume of Super-Kamiokande (red shaded). Each panel shows a specific mass fraction f�: f� = 10�10 (top left),
f� = 10�8 (top right), f� = 10�6 (bottom left), f� = 10�4 (bottom right). For comparison we also show the estimated
constraints from direct detection experiments including CRESST III [20], CRESST surface [21], XENON [22], EDELWEISS
surface [23], RRS [24], and Darkside-50 [25] (gray shaded).

'
4⇡h�viann

V 2
�

Z R�

0
dr r2G2

�(r) , (7)

where in the second line we have assumed an approxi-
mately constant annihilation cross section h�viann, i.e.,
energy-independent s-wave annihilation.

Combining these terms, it is straightforward to inte-
grate Eq. (1) and solve for N�. For most of the param-
eter space relevant for our problem, either the annihi-
lation or evaporation counter-balances the accumulation
on time scales teq shorter than the lifetime of the earth
so that dN�/dt ! 0. In this case the solution is easily
found, 2N� = ((⌧ann/⌧evap)2+4�cap⌧ann)1/2�⌧ann/⌧evap.

Depending on the strength of evaporation, two impor-
tant regimes can be found: N� '

p
�cap⌧ann when the

evaporation is negligible and N� ' �cap⌧evap when it is
important.
Direct annihilation inside neutrino telescopes:
We now compute the annihilation event rate of a DMC
within the detector volume of SK

�SK
ann = h�viannn

2
�(R�)VSK = h�viann

N2
�G

2
�(R�)VSK

V 2
�

.

(8)

For this analysis we use the fiducial volume of SK, VSK =

4

2⇥1010 cm3. If evaporation can be neglected, this reduces
to a simple intuitive result,

�SK
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where the second relation applies in the limit of a uni-
form distribution. For su�ciently large scattering cross
sections ��n and m� 2 [1, 5]GeV, we find annihilation
rates in SK of �SK

ann ' 106 yr�1 (f�/10�5). If the anni-
hilations result in visible energy, such rates are very sig-
nificant, and may even exceed any counting rates in SK
by orders of magnitude. We note that this is a drastic
departure from the tiny event rate expected for a weakly
interacting DM candidate that does not build a large
over-concentration near the surface of the Earth [33].

Given the relevant energy range of annihilations, equal
to m� = 1–5GeV, we observe that the closest SK ex-
perimental analysis for our purposes is the search for
di-nucleon decay of Ref. [34, 35], where the main back-
ground is from atmospheric neutrinos. The SK col-
laboration has shown that in certain decay channels,
such as nn ! 2⇡0

! 4�, cuts on fiducial volume, en-
ergy, invariant mass, and multiplicity remove essentially
all background, achieving single-event sensitivity [34].
Based on these considerations, we derive an anticipated
SK exclusion on annihilating DMCs under the assump-
tions that the annihilation final state allows for a simi-
lar background-free identification, and that the resulting
signal can be identified with an e�ciency of 10% as in
Ref. [34]. To do so, we compare our predicted detected
signal rates with the limit rate of 3 events for a 282.1
kiloton-yr exposure: �SK

ann < �SK
lim = 0.24 yr�1. While a

full experimental analysis is needed, our calculation indi-
cates that new exclusions on the DM-nucleon scattering
cross-section could be obtained from existing SK data
over the mass range of m� ' 1–5 GeV, even when the
annihilating species � makes up only a tiny fraction of
the total DM density.

We illustrate the anticipated SK sensitivity to DMC
annihilation as a function of � mass m� and per-nucleon
cross section ��n in Fig. 1 for f� = 10�4, 10�6, 10�8,
and 10�10. At the lower end of the DMC mass range,
the shapes of the exclusion regions are solely determined
by thermal evaporation, whereas at the upper end they
are set by both thermal evaporation and rapid depletion
of the surface density of Earth-bound DM due to gravity.
Note that the anticipated sensitivity of this method ex-
tends down to very tiny DMC fractions. Quantitatively,
for f� = 10�10, m� = 2.5GeV, and ��n = 10�28 cm2, the
expected event rate at SK can be as high as 15 events per
year, which constitutes a detectable signal. Note as well
that the assumption of a background-free search is not
entirely crucial for obtaining bounds. Indeed, as Fig. 1
shows, the change from f� = 10�4

! 10�6 leads to

a modest reduction of the excluded parameter space at
large m�. Since the signal is proportional to f�, a simi-
lar reduction would occur if the experimental limit rate
is weakened by a similar factor, �SK

lim ! 100 ⇥ �SK
lim. We

conclude that the limits from SK are robust, and should
be applicable to a wide class of models.
Also shown in Fig. 1 for comparison are exclusions

from several surface and underground direct detection
experiments searches [20–25]. To adjust the experimen-
tal bounds given for f� = 1 to the smaller fractions of
interest here, we have applied the simplified method de-
scribed in [14]. As shown in Ref. [36], this approach gives
a reasonable approximation to more computationally in-
tensive calculations such as Refs. [37–40]. We note, how-
ever, that the simplified method we use tends to overesti-
mate slightly the exclusions at small f� ⌧ 1 [36]. Thus,
the unexcluded regions where our SK annihilation pro-
posal shows new sensitivity are expected to be robust.
Secluded Relic Model: To illustrate our results in a
concrete model, we consider a dark sector that with a
Dirac fermion DMC � coupled to a dark photon A0 with
the low-energy e↵ective Lagrangian

L = �
1

4

�
F 0
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�2
�

✏

2
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µ⌫ +
1

2
m2

A0
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�2

+ �̄(i�µDµ �m�)� , (10)

where ✏ describes kinetic mixing with the photon, mA0

is the mass of dark photon, Dµ = @µ � igdA0
µ, and gd ⌘

p
4⇡ ↵d is the dark coupling constant.
Annihilation of � to dark photons which subsequently

decay to SM particles, ��̄ ! A0A0 with A0
! SM, is

possible for mA0 < m� [19] and e�ciently depletes the
abundance of � to produce f� ⌧ 1 for moderate ↵d. The
annihilation rate during freezeout can receive a signifi-
cant non-perturbative enhancement for larger ↵d & 0.05
and m� � mA0 [41, 42]. We compute f� in terms of
the model parameters assuming thermal freezeout by ap-
proximating the potential between annihilating � and �̄
with a Hulthèn potential, which has been shown to give
a very good estimate of the full result [43, 44].
The perturbative cross section for � to scatter on a

nucleus (Z,A) is related to the model parameters by [19]

��A =
16⇡Z2↵↵d✏2µ2

�A

m4
A0

, (11)

where Z is the atomic number of the nuclei, mA is its
mass, and ↵ is the fine-structure constant. To make
connection with direct detection constraints, one can de-
fine an e↵ective per nucleon scattering cross section via
��A = ��n A2 (µ�A/µ�n)

2 with A is the mass number of
the nuclei, and µ�A(n) is the reduced mass of the DM-
nucleus (nucleon) system.
In Fig. 2 we show the sensitivity of our approach to this

representative model for m� = 2.5GeV and ↵d = 0.3 as



21

Similar to di-nucleon decay signatures

§ Constraints from a possible background-free search
§ Lower masses evaporate, heavier masses sink too much. 
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FIG. 1. Expected constraints on the DM-nucleon scattering cross-section ��n from non-observation of DMC annihilation inside
the fiducial volume of Super-Kamiokande (red shaded). Each panel shows a specific mass fraction f�: f� = 10�10 (top left),
f� = 10�8 (top right), f� = 10�6 (bottom left), f� = 10�4 (bottom right). For comparison we also show the estimated
constraints from direct detection experiments including CRESST III [20], CRESST surface [21], XENON [22], EDELWEISS
surface [23], RRS [24], and Darkside-50 [25] (gray shaded).

'
4⇡h�viann

V 2
�

Z R�
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dr r2G2
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where in the second line we have assumed an approxi-
mately constant annihilation cross section h�viann, i.e.,
energy-independent s-wave annihilation.
Combining these terms, it is straightforward to inte-

grate Eq. (1) and solve for N�. For most of the param-
eter space relevant for our problem, either the annihi-
lation or evaporation counter-balances the accumulation
on time scales teq shorter than the lifetime of the earth
so that dN�/dt ! 0. In this case the solution is easily
found, 2N� = ((⌧ann/⌧evap)2+4�cap⌧ann)1/2�⌧ann/⌧evap.

Depending on the strength of evaporation, two impor-
tant regimes can be found: N� '

p
�cap⌧ann when the

evaporation is negligible and N� ' �cap⌧evap when it is
important.
Direct annihilation inside neutrino telescopes:
We now compute the annihilation event rate of a DMC
within the detector volume of SK

�SK
ann = h�viannn

2
�(R�)VSK = h�viann

N2
�G

2
�(R�)VSK

V 2
�

.

(8)

For this analysis we use the fiducial volume of SK, VSK =

Assuming a background 
free search with 2mc 
invariant mass energy 
release. In many models: 
strong similarity to 
nnàp0p0 search by SK 
(background free, ~0.1 
signal efficiency). 
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Constraints on dark photon mediated DM

§ Dark photon mediate DM with mA’ <mc.

4

2⇥1010 cm3. If evaporation can be neglected, this reduces
to a simple intuitive result,

�SK
ann = �cap ⇥

VSKG2
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�(r)
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where the second relation applies in the limit of a uni-
form distribution. For su�ciently large scattering cross
sections ��n and m� 2 [1, 5]GeV, we find annihilation
rates in SK of �SK

ann ' 106 yr�1 (f�/10�5). If the anni-
hilations result in visible energy, such rates are very sig-
nificant, and may even exceed any counting rates in SK
by orders of magnitude. We note that this is a drastic
departure from the tiny event rate expected for a weakly
interacting DM candidate that does not build a large
over-concentration near the surface of the Earth [33].

Given the relevant energy range of annihilations, equal
to m� = 1–5GeV, we observe that the closest SK ex-
perimental analysis for our purposes is the search for
di-nucleon decay of Ref. [34, 35], where the main back-
ground is from atmospheric neutrinos. The SK col-
laboration has shown that in certain decay channels,
such as nn ! 2⇡0

! 4�, cuts on fiducial volume, en-
ergy, invariant mass, and multiplicity remove essentially
all background, achieving single-event sensitivity [34].
Based on these considerations, we derive an anticipated
SK exclusion on annihilating DMCs under the assump-
tions that the annihilation final state allows for a simi-
lar background-free identification, and that the resulting
signal can be identified with an e�ciency of 10% as in
Ref. [34]. To do so, we compare our predicted detected
signal rates with the limit rate of 3 events for a 282.1
kiloton-yr exposure: �SK

ann < �SK
lim = 0.24 yr�1. While a

full experimental analysis is needed, our calculation indi-
cates that new exclusions on the DM-nucleon scattering
cross-section could be obtained from existing SK data
over the mass range of m� ' 1–5 GeV, even when the
annihilating species � makes up only a tiny fraction of
the total DM density.

We illustrate the anticipated SK sensitivity to DMC
annihilation as a function of � mass m� and per-nucleon
cross section ��n in Fig. 1 for f� = 10�4, 10�6, 10�8,
and 10�10. At the lower end of the DMC mass range,
the shapes of the exclusion regions are solely determined
by thermal evaporation, whereas at the upper end they
are set by both thermal evaporation and rapid depletion
of the surface density of Earth-bound DM due to gravity.
Note that the anticipated sensitivity of this method ex-
tends down to very tiny DMC fractions. Quantitatively,
for f� = 10�10, m� = 2.5GeV, and ��n = 10�28 cm2, the
expected event rate at SK can be as high as 15 events per
year, which constitutes a detectable signal. Note as well
that the assumption of a background-free search is not
entirely crucial for obtaining bounds. Indeed, as Fig. 1
shows, the change from f� = 10�4

! 10�6 leads to

a modest reduction of the excluded parameter space at
large m�. Since the signal is proportional to f�, a simi-
lar reduction would occur if the experimental limit rate
is weakened by a similar factor, �SK

lim ! 100 ⇥ �SK
lim. We

conclude that the limits from SK are robust, and should
be applicable to a wide class of models.
Also shown in Fig. 1 for comparison are exclusions

from several surface and underground direct detection
experiments searches [20–25]. To adjust the experimen-
tal bounds given for f� = 1 to the smaller fractions of
interest here, we have applied the simplified method de-
scribed in [14]. As shown in Ref. [36], this approach gives
a reasonable approximation to more computationally in-
tensive calculations such as Refs. [37–40]. We note, how-
ever, that the simplified method we use tends to overesti-
mate slightly the exclusions at small f� ⌧ 1 [36]. Thus,
the unexcluded regions where our SK annihilation pro-
posal shows new sensitivity are expected to be robust.
Secluded Relic Model: To illustrate our results in a
concrete model, we consider a dark sector that with a
Dirac fermion DMC � coupled to a dark photon A0 with
the low-energy e↵ective Lagrangian

L = �
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where ✏ describes kinetic mixing with the photon, mA0

is the mass of dark photon, Dµ = @µ � igdA0
µ, and gd ⌘

p
4⇡ ↵d is the dark coupling constant.
Annihilation of � to dark photons which subsequently

decay to SM particles, ��̄ ! A0A0 with A0
! SM, is

possible for mA0 < m� [19] and e�ciently depletes the
abundance of � to produce f� ⌧ 1 for moderate ↵d. The
annihilation rate during freezeout can receive a signifi-
cant non-perturbative enhancement for larger ↵d & 0.05
and m� � mA0 [41, 42]. We compute f� in terms of
the model parameters assuming thermal freezeout by ap-
proximating the potential between annihilating � and �̄
with a Hulthèn potential, which has been shown to give
a very good estimate of the full result [43, 44].
The perturbative cross section for � to scatter on a

nucleus (Z,A) is related to the model parameters by [19]

��A =
16⇡Z2↵↵d✏2µ2

�A

m4
A0

, (11)

where Z is the atomic number of the nuclei, mA is its
mass, and ↵ is the fine-structure constant. To make
connection with direct detection constraints, one can de-
fine an e↵ective per nucleon scattering cross section via
��A = ��n A2 (µ�A/µ�n)

2 with A is the mass number of
the nuclei, and µ�A(n) is the reduced mass of the DM-
nucleus (nucleon) system.
In Fig. 2 we show the sensitivity of our approach to this

representative model for m� = 2.5GeV and ↵d = 0.3 as
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where the second relation applies in the limit of a uni-
form distribution. For su�ciently large scattering cross
sections ��n and m� 2 [1, 5]GeV, we find annihilation
rates in SK of �SK

ann ' 106 yr�1 (f�/10�5). If the anni-
hilations result in visible energy, such rates are very sig-
nificant, and may even exceed any counting rates in SK
by orders of magnitude. We note that this is a drastic
departure from the tiny event rate expected for a weakly
interacting DM candidate that does not build a large
over-concentration near the surface of the Earth [33].

Given the relevant energy range of annihilations, equal
to m� = 1–5GeV, we observe that the closest SK ex-
perimental analysis for our purposes is the search for
di-nucleon decay of Ref. [34, 35], where the main back-
ground is from atmospheric neutrinos. The SK col-
laboration has shown that in certain decay channels,
such as nn ! 2⇡0

! 4�, cuts on fiducial volume, en-
ergy, invariant mass, and multiplicity remove essentially
all background, achieving single-event sensitivity [34].
Based on these considerations, we derive an anticipated
SK exclusion on annihilating DMCs under the assump-
tions that the annihilation final state allows for a simi-
lar background-free identification, and that the resulting
signal can be identified with an e�ciency of 10% as in
Ref. [34]. To do so, we compare our predicted detected
signal rates with the limit rate of 3 events for a 282.1
kiloton-yr exposure: �SK

ann < �SK
lim = 0.24 yr�1. While a

full experimental analysis is needed, our calculation indi-
cates that new exclusions on the DM-nucleon scattering
cross-section could be obtained from existing SK data
over the mass range of m� ' 1–5 GeV, even when the
annihilating species � makes up only a tiny fraction of
the total DM density.

We illustrate the anticipated SK sensitivity to DMC
annihilation as a function of � mass m� and per-nucleon
cross section ��n in Fig. 1 for f� = 10�4, 10�6, 10�8,
and 10�10. At the lower end of the DMC mass range,
the shapes of the exclusion regions are solely determined
by thermal evaporation, whereas at the upper end they
are set by both thermal evaporation and rapid depletion
of the surface density of Earth-bound DM due to gravity.
Note that the anticipated sensitivity of this method ex-
tends down to very tiny DMC fractions. Quantitatively,
for f� = 10�10, m� = 2.5GeV, and ��n = 10�28 cm2, the
expected event rate at SK can be as high as 15 events per
year, which constitutes a detectable signal. Note as well
that the assumption of a background-free search is not
entirely crucial for obtaining bounds. Indeed, as Fig. 1
shows, the change from f� = 10�4

! 10�6 leads to

a modest reduction of the excluded parameter space at
large m�. Since the signal is proportional to f�, a simi-
lar reduction would occur if the experimental limit rate
is weakened by a similar factor, �SK

lim ! 100 ⇥ �SK
lim. We

conclude that the limits from SK are robust, and should
be applicable to a wide class of models.
Also shown in Fig. 1 for comparison are exclusions

from several surface and underground direct detection
experiments searches [20–25]. To adjust the experimen-
tal bounds given for f� = 1 to the smaller fractions of
interest here, we have applied the simplified method de-
scribed in [14]. As shown in Ref. [36], this approach gives
a reasonable approximation to more computationally in-
tensive calculations such as Refs. [37–40]. We note, how-
ever, that the simplified method we use tends to overesti-
mate slightly the exclusions at small f� ⌧ 1 [36]. Thus,
the unexcluded regions where our SK annihilation pro-
posal shows new sensitivity are expected to be robust.
Secluded Relic Model: To illustrate our results in a
concrete model, we consider a dark sector that with a
Dirac fermion DMC � coupled to a dark photon A0 with
the low-energy e↵ective Lagrangian
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where ✏ describes kinetic mixing with the photon, mA0

is the mass of dark photon, Dµ = @µ � igdA0
µ, and gd ⌘

p
4⇡ ↵d is the dark coupling constant.
Annihilation of � to dark photons which subsequently

decay to SM particles, ��̄ ! A0A0 with A0
! SM, is

possible for mA0 < m� [19] and e�ciently depletes the
abundance of � to produce f� ⌧ 1 for moderate ↵d. The
annihilation rate during freezeout can receive a signifi-
cant non-perturbative enhancement for larger ↵d & 0.05
and m� � mA0 [41, 42]. We compute f� in terms of
the model parameters assuming thermal freezeout by ap-
proximating the potential between annihilating � and �̄
with a Hulthèn potential, which has been shown to give
a very good estimate of the full result [43, 44].
The perturbative cross section for � to scatter on a

nucleus (Z,A) is related to the model parameters by [19]

��A =
16⇡Z2↵↵d✏2µ2
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where Z is the atomic number of the nuclei, mA is its
mass, and ↵ is the fine-structure constant. To make
connection with direct detection constraints, one can de-
fine an e↵ective per nucleon scattering cross section via
��A = ��n A2 (µ�A/µ�n)

2 with A is the mass number of
the nuclei, and µ�A(n) is the reduced mass of the DM-
nucleus (nucleon) system.
In Fig. 2 we show the sensitivity of our approach to this

representative model for m� = 2.5GeV and ↵d = 0.3 as
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a function of mA0 and ✏. For these values, the DM frac-
tion of � is approximately f� ' 3 ⇥ 10�9, with a mild
dependence on mA0 . The red shaded region in the fig-
ure shows the anticapted exclusion from SK, where we
apply the same assumptions regarding the experimen-
tal sensitivity as before. Note as well that for the A0

mass range considered the primary dark photon decay
modes are to leptons and pions, and are therefore visi-
ble and distinctive. In particular, the annihilation pro-
cess ��̄ ! 2A0

! 2(e+e�) is very similar in terms of
SK signature to nn ! 2⇡0

! 4� decay [34]. To en-
sure that the dark photons produced by ��̄ annihilation
decay within the SK fiducial volume, we require further
that the SK-frame decay length of the A0 is less than 1 m,
i.e., �c⌧A0 < 1m; this is important for mA0 . 20 MeV.
We also show existing bounds on the scenario from direct
DM searches [20, 25], and from direct searches for a vis-
ibly decaying dark photon [45–48]. The dashed vertical
line indicates the lower bound on mA0 for a thermalized
dark photon from the number of relativistic degrees of
freedom during primordial nucleosynthesis in the early
Universe [49].

A final comment is warranted on the possibility of ob-
serving the � annihilation outside the Earth’s volume us-
ing cosmic- and �-ray detectors in the GeV range, such
as AMS-02 [50] and Fermi-LAT [51]. By continuity, it is
clear that some distribution of � (a “Boltzmanian tail”)
is present in the atmosphere and above. Annihilation
of ��̄, with subsequent decay of A0 generates electrons,
muons, and pions, and therefore contributes to the ob-
served electron and positron flux. While the counting
rates of these experiments are much larger than in SK,
there is a gain associated with the fact that the signal
is collected from a large volume, for which we take a
characteristic orbit height, h ⇠ 400 km. The expected
additional flux from DM annihilation in the atmosphere,
given the SK bound, is

�ann ⇠ �SKV
�1
SK ⇥ h < 10�10 cm�2s�1 (12)

which far below the typical electron and positron fluxes
measured by the AMS-02 [52] that are on the order of
O(10�3

� 10�2) cm�2 s�1 in this energy range.
Summary and Conclusion: Earth-bound DM parti-
cles can be very abundant near the surface of the Earth
if they are su�ciently light and strongly interacting. In
this work, we point out that annihilation of an Earth-
bound DM component at large underground detectors
such as Super-Kamiokande provides a novel technique
for their detection. The main strength of this proposal
stems from the fact that the energy deposition due to
annihilation of Earth-bound DM is not limited by their
minuscule amount of kinetic energy, but can instead be
as large as their invariant mass, 2m�. We have demon-
strated that this approach can test strongly-interacting
DMC over the mass range m� = 1–5GeV down to very
small mass fractions, well beyond what is possible with

FIG. 2. Anticipated sensitivity to a dark photon-mediated
DMC � for mass m� = 2.5GeV, gauge coupling ↵d = 0.3 in
terms of the dark photon mass mA0 and kinetic mixing ✏ from
annihilation of Earth-bound � inside Super Kamiokande (red
shaded). The DM fraction f� of � is determined from the
model parameters assuming thermal freezeout in the early
Universe. Also shown are bounds from direct DM searches at
CRESST III [20] and DarkSide-50 [25] (grey hatched), as well
as searches for a visibly decaying dark photon [45–48] (grey
shaded). Direct DM searches [20, 25] excludes only a band
on this parameter space, while SK excludes a wide area on
{mA0 , ✏}.

other approaches. The upcoming gigantic underground
detectors such as Hyper-Kamiokande [53], JUNO [54],
DUNE [55], and THEIA [56] will significantly enhance
the detection prospects of such Earth-bound DM.
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Dark coupling constant of 0.3 
and dark matter mass of 2.5 
GeV results in the fractional 
abundance ~ 3 10-9. New 
parameter space covered.

For heavier than 5 GeV 
masses main signature are 
neutrinos from Earth’s center.
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Signature # 2: Using underground accelerators 
to “accelerate” dark matter

§ Some of the underground Labs that host Dark Matter detectors, also 
have nuclear accelerators (LUNA, JUNA) for a completely 
different purpose: studies of nuclear reactions.

§ We propose to couple nuclear accelerators and dark matter 
detectors: accelerated protons (or other nuclei) can strike DM 
particles that can subsequently be detected with a nearby detector.

§ c+p à cE+p           Z+c à ZE+ c

§ This is going to be relevant for models with large DM-nuclear cross 
section where A. interaction is enhanced, B. density is enhanced.  
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FIG. 4. Effective path length `(✓, z) in a spherical detector located along the beam axis.

the Born approximation by

�̄N =

✓
µ�N

µ�p

◆2

A2 ��n , (17)

for an effective per-nucleon cross section ��n.

Since we study very large cross sections in this work,
we also consider the possibility that the Born approxi-
mation on which Eq. (17) is based might break down.
While the way in which this occurs depends on the de-
tailed interactions between DM and nucleons, there exists
a simple prescription based on geometric saturation that
provides a reasonable approximation to calculations in
a wide range of models [46, 70]. Specifically, we bound
from above the total nuclear cross section derived from
Eq. (16) by the geometric cross section ��N  4⇡r2N with
rN ' 1.2 fmA1/3. This is equivalent to the replacement
of �̄N in Eq. (16) by �̄N,e↵ defined by

�̄N,e↵ =

8
><

>:
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4⇡ r2NR 1
0 dx |FN (xEmax
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where
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Z
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2 . (19)

With this form, we can express the nuclear cross section
portion of Eq. (14) by

��N Pthr(✓;Ethr) = �̄N,e↵

⇥

Z
1

xthr

dx |FN (xEmax

R )|
2
⇥(1� xthr) ,

(20)

where xthr = Ethr/Emax

R .

We can also specify the upscattering rate more pre-
cisely if we specialize to a SI interaction. For a low-energy
beam of protons,

d��p

dc✓
= 2��p cos ✓ . (21)

If the interaction connects DM to protons and neutrons
with equal strength, we can identify ��p = ��n defined
in Eq. (17). This result can also be generalized to low-
energy beams of nuclei. Using the saturation prescription
described above, we find

d��b

dc✓
= 2 cos ✓ �̄b,e↵ |Fb(ER,b)|

2 , (22)

with

ER,b =
2µ2

�b

mb

✓
2Eb

mb

◆
cos

2 ✓ , (23)

and �b,e↵ defined as for �̄N,e↵ in Eq. (18) with N ! b,
ER ! ER,b, and Emax

R ! Emax

R,b = ER,b(c✓ = 1).
In Fig. 5 we show the estimated detector rates of beam

upscattered DM as a function of mass m� and per nu-
cleon cross section ��n assuming a point-like SI interac-
tion for a potential beam and detector apparatus. We
take beam parameters motivated by the LUNA accelera-
tor [49, 50] with an accelerated beam section of L = 5m
and a kinetic energy per particle of Eb = 0.4 MeV for
proton beams with current Ib = 1.0mA (left) and car-
bon 12C+ beams with current Ib = 0.1mA (right). For
both beam types, we assume a detector consisting of a
sphere containing liquid xenon of radius r = 10 cm lo-
cated along the beam axis at a distance d = 50 cm from
the end of the beam pipe with a lower detection energy
threshold of Ethr = 5 keV. See Fig. 4 for details of the
setup.

The detector scattering rates shown in Fig. 5 are sig-
nificant and suggest that this method could be used to
test strongly interacting DM even for fractional densities
f� ⌧ 1. These rates trace the DM density enhancements
shown in Fig. 2 to a large degree. They are largest for
m� ⇠ 1–10 GeV, corresponding to the enhanced thermal
DM population discussed in Sec. II, although there is also
a shoulder at larger masses from the traffic jam popula-
tion. For masses below m� ⇠ 1 GeV, the detection rates
are reduced by the lower DM population due to evapo-
ration as well as the energy threshold we assume for the
detector. This is most clearly visible in the right panel of
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Spectrum of recoil

§ Energy of nuclei in the detector after experiencing collision with the 
accelerated DM. 

Energy of accelerator is ~ MeV, and given that the thresholds in many 
detectors are keV and lower, this detection scheme is realistic. 

§ See details in M. Moore et al, 2022. 
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FIG. 3. Maximum nuclear target recoil energies Emax
R for dark matter upscattered by beams of protons (left) or carbon (right)

with kinetic energies Eb = 0.4 MeV (solid) and Eb = 1.0 MeV (dashed) for a selection of target nuclei.

local � DM number density. From this we see that total
rate of upscattered DM is proportional to the quantity

Ib
Qb

L = 6⇥ 10
17

cm

s

✓
Ib

1 mA

◆✓
Qp

Qb

◆✓
L

100 cm

◆
, (13)

where L is the total length over which the fully acceler-

ated beam travels.

B. Detection of Upscattered Dark Matter

For a detector placed downstream of the beam, the
measured rate of DM scattering in the detector is

R =

Z L/2

�L/2
dz

Z
dc✓

dN�

dt dz dc✓

✓
1� e�` ��N nN

◆
Pthr(✓;Ethr)Psh(✓, z) (14)

=
Ib
Qb

n� ��b L ⇥

Z
1/2

�1/2
d(z/L)

Z
dc✓

1

��b

d��b

dc✓

✓
1� e�` ��N nN

◆
Pthr(✓;Ethr)Psh(✓, z) ,

where ` = `(✓, z) is the path length in the detector for a
DM particle upscattered at point z through angle ✓, nN

is the number density of the target nucleus, ��N is the
total DM-nucleus cross section, Pthr(✓, Ethr) is the prob-
ability that the scattering will yield a recoil energy above
the detector threshold Ethr, and Psh(✓, z) is the proba-
bility for DM to scatter in material before reaching the
detector. The exponential factor is the probability for
a DM particle from (z, ✓) to scatter at least once in the
detector; it reduces to ` ��N nN when this combination
is much less than unity. In the second line of Eq. (14),
we have factored the expression into a total upscattering
rate times a dimensionless acceptance factor for scatter-
ing above threshold in the detector.

The result of Eq. (14) is very general, and it is instruc-
tive to evaluate its components for a specific detector
geometry. We consider a spherical detector of radius r
located along the beam axis a distance d from the end of
the beam pipe, as illustrated in Fig. 4. For this configu-

ration, the DM path length is

`(✓, z) = ⇥(✓s � ✓) 2 r
q

1�D2 sin
2 ✓/r2 , (15)

where D = L/2� z + d+ r and ✓s = sin
�1

(r/D).

C. Application to Spin-Independent Point-Like
DM

If we specialize further to DM that scatters primarily
through a spin-independent point interaction, the differ-
ential DM-nucleus cross section is

d��N

dER
=

1

Emax

R

|FN (ER)|
2 �̄N , (16)

where ER  Emax

R = 2µ2

�Nv2�/mN , FN (ER) is a nuclear
form factor for SI scattering [71, 72], and �̄N is given in
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Possible new reach in the parameter space
§ While 100% fraction of these DM particles is excluded by 

combination of ballon + underground experiments (gray area), the 
accelerator+detector scheme is sensitive to small fc . 

§ This is a promising scheme that can be tried without additional 
enormous investment, with existing accelerators (LUNA, JUNA) 
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Signature #3: Nuclear reactors as beam dumps

§ Commercial reactors produce over 1020 neutrons/sec. It is a source of 
anti-neutrinos, and can also be viewed as a neutron beam dump.

§ Recently (last O(5) years),  there has been explosion of efforts to detect 
coherent nucleus-neutrino scattering (CEnNs): i.e. direct detection 
style detectors are brought to O(20-30m) proximity to reactor cores. 
Importantly, these detectors are achieving low counting rates (e.g. 
CONUS collaboration). 

§ If there is a “bath” of thermalized DM particles, fast neutron scattering 
will create velocitized DM, c + n à cE + n.

§ Ema, MP, Ray, 2024, reanalyzed the results of the CEnNs searches 
using CONUS experiment, and translated it to constraints on GeV dark 
matter. 
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Constraints on upscattering of DM
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Figure 2: Constraints on the spin-independent cross section �SI
�n from the CONUS experiment [25] for f� = 1 (left) and

f� = 10
�3

(right). The bigger red shaded regions are the full result with the multiple-scattering components, whereas,

the smaller red regions are the result with only the zero scattering component, respectively. Red dashed contours indicate

possible reach when DD experiments are placed in proximity of the nuclear research reactors (see text for details). In

comparison, the existing surface/underground direct detection constraints from CRESST-III [41], CRESST (surface) [42],

Darkside-50 [43], EDELWEISS (surface) [44], rocket based X-ray Quantum Calorimeter (XQC) [45], and balloon-based

RRS experiment [46] are shown in gray shaded regions.

In our case, the DM scatters o↵ the nuclei, not electrons, inside the detector, and hence we need
a conversion of the nuclear recoil energy to the electron-equivalent recoil energy (which is better cal-
ibrated). The quenching factor k, defined as the ratio of the ionization energy generated by nuclear
recoils to the one produced by electron recoils with the same energy transfer, is rather uncertain in
the energy range of our interest. We may take k = 0.18 [25] and assume that it is energy-independent
for simplicity. The energy region of interest depends both on the detectors and di↵erent scientific runs
in the analysis in [25], but we may take it as [0.3 keVee, 1 keVee] to simplify our analysis, where the
subscript “ee” stands for the electron-equivalent. Assuming that the collected charge output is linear
in the electron recoil energy, we thus require [25]

Z 5.6 keV

1.7 keV
dEeve

dNeve

dEeve
< 85, (3.3)

to derive the constraints on the Earth-bound DM from the CONUS experiment. Note that, even though
the CONUS experiment focuses on O(1) keV recoil energy since their main target is the CE⌫NS events,
our DM flux is extended up to O(1)MeV as shown in 1. Therefore, an analysis dedicated to our DM
flux with e.g. higher energy threshold may further improve the sensitivity.

Our results in the SI case are shown in Fig. 2 for f� = 1 (the left panel) and f� = 10�3 (the right
panel). The region enclosed by the red line is the full result including the multiple scatterings while the
smaller region enclosed by the red line is the result with only the zero scattering component. The figures
show that the multiple scattering contributions indeed enhance the sensitivity for the large values of the
cross section. In comparison, we show the direct detection constraints from CRESST-III [41], CRESST
(surface) [42], Darkside-50 [43], EDELWEISS (surface) [44], rocket based X-ray Quantum Calorimeter
(XQC) [45], and balloon-based RRS experiment [46]. We observe that the current parameter region of
the accelerated Earth-bound DM explored by the CONUS experiment is already covered by the other
direct detection experiments, both for f� = 1, and for smaller values of f�.

As it is evident from Fig. 2, the main obstacle for extending the constraints towards larger cross
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Figure 3: Constraints on the spin-dependent cross section �SD
�n from the CONUS experiment [25] for f� = 1 (left)

and f� = 10
�3

(right), including the full multiple scattering contributions (the bigger red-shaded region) and the zero-

scattering contribution only (the smaller red-shaded region). In comparison, the existing surface/underground direct

detection constraints from CDMSlite [48], CRESST (surface) [42], rocket based X-ray Quantum Calorimeter (XQC) [45],

and balloon-based RRS experiment [46] (adapted from [2]) are shown in gray shaded regions.

sections in the SI case is the amount of shielding employed in the searches at commercial reactors. The
CONUS experiment loses the sensitivity for �SI

�n & 10�28 cm2 due to the shielding. Research reactors,
that typically have two-to-three orders of magnitude less power are not widely used so far for the
detection of CE⌫NS, where the main limiting factor is the neutrino flux. For the thermalized DM
searches, however, the research nuclear reactors may indeed provide additional sensitivity. Assuming
that a DD experiment can operate at ⇠ 3m distance from the research reactor core (a factor of 10
closer than for a typical placement of a detector at commercial reactor) with the thermal power of
P = 10MW, and employ only 1m of shielding \4, we plot the projected sensitivity with the dashed line
contour. One can see that the in f� = 1 case, the sensitivity extends to the region constrained only by
the rocket-based XQC experiment. At f� = 10�3, new unconstrained parameter space can be covered.

The new sensitivity that we claim can be achieved is right in the range of masses and cross sections
for a hypothetical exotic stable di-nucleon/sexaquark state [6]. If stable, such particles may contribute
to the DM abundance. The upscattering in the nuclear research reactors is perhaps one of the most
promising ways to limit/study such model.

Next, our results in the SD case are shown in Fig. 3 for f� = 1 (the left panel) and f� = 10�3

(the right panel). The region enclosed by the red line is the constraint from the CONUS experiment,
while the other existing DD experiments are shown in gray. In this case, we see that the CONUS
experiment probes a new parameter region, not covered by the existing DD experiments. Note that the
atmosphere is composed mainly of 14N which has a nuclear spin one,\5 while the dominant composition
of the shielding in the CONUS experiment do not possess a finite nuclear spin. This indicates that the
shielding to the DM particles in the SD case is e↵ectively smaller, relative to the DD experiments at

the Earth’s surface, compared to the SI case. We note that our lower bound scales as f�1/2
� while the

\4
For instance, the FRJ-1 research reactor at Jülich was used to search for (pseudo)scalar particles in [47] with minimal

amount of shielding, ls ⇠ O(10) cm.
\5
Refs. [2, 44, 49] quoted hSni = hSpi = 1/2 for

14
N. We note that a simple nuclear shell model instead predicts

hSni = hSpi = �1/6 which reproduces the measured magnetic moment well [50]. This enhances the upper bound of the

DD experiments, performed on the Earth’s surface, shown in Fig. 3 by a factor of 9. In our computation of the DM

surface density, we adopt the shell model value for the cross section with
14
N.

10

Spin-independent 
scattering

Spin-dependent 
scattering

Novel limits are derived for spin-dependent scattering. No new limits for 
spin-independent case, as large amount of shielding (over 6m of 
concrete) leads to suppression of DM energy at CONUS detector 
location. Motivates experiments at research reactors with less shielding.
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Tantalum180m level structure
2

FIG. 1: Decay scheme of 180Tam with data from [14]
illustrating the di↵erent decay modes: (1a,2a) �� and
EC, (2a,2b) �-decay and IC, (3a,3b) DM induced decay
to 2+ and 1+ state. The investigated decay modes and

signal �-ray are highlighted in red.

dict 5.4 · 1023 a for (1a) and 1.4 · 1020 a for (1b) [12, 13].
The �-decay (2a) and internal conversion (2b) to the
180Ta ground state is followed by the 8.1 h delayed ��

decay or EC into the ground and first excited states of
180W and 180Hf. The experimental signatures are the
103.5 keV and 93.3 keV de-excitation �-rays for (2b) and
the additional 37.7 keV and 39.5 keV �-rays for (2a).
Theoretical half-life estimates are 1.4 · 1031 a for (2a) and
8 · 1018 a for (2b). The internal conversion mode is pre-
dicted to be the dominant decay channel in [12, 13].

The DM induced 180Tam de-excitations 9� � 2+ (3a)
and 9� � 1+ (3b) are the focus of this work. The exper-
imental signature for (3b) is identical to (2b), whereas
(3a) has the additional 39.5 keV �-ray from the 180Ta 2+

de-excitation.
Currently, the half-life sensitivity for processes (2) and

(3) is well below the theoretical prediction of (2b) at
8 · 1018 a, so then a non-observation provides constraints
for all decay modes. Should a positive signal eventually
be seen, investigation of overburden-dependence will have
a discriminating power between natural and DM-induced
decays in some models.

Given that only ⇠ 10�4 of natural tantalum can be
used for the search, it is clear that the search of reaction
in Eq. 1 cannot compete with massive Xe and Ar-based
experiments for constraining tiny elastic cross section.
Instead, the 180Tam half-life limit will provide a means
for probing DM models that cannot be probed with con-
ventional methods [2]. Firstly, if DM interacts strongly
with the SM, it will undergo multiple successive colli-
sions in the atmosphere and overburden, such that its
kinetic energy is reduced far below the threshold for any
underground DM detector. But even with vanishingly
small incoming velocity, the DM-induced de-excitation
of 180Tam will go unimpeded. Rocket and balloon exper-
iments with reduced exposures compared to terrestrial
direct detection (DD) experiments have been conducted
above the atmosphere in order to access DM which has

passed through negligible over-burden [15, 16]. The re-
sults we derive in this paper using tantalum allow us to
improve on these bounds and strengthen existing con-
straints with an entirely di↵erent method. Significant
progress is achieved in models where strongly-interacting
massive particles constitute a subdominant component
of DM, which is expected in models with thermal DM
freeze-out (see e.g. [17]).
Another class of WIMP models that could escape con-

ventional searches but be discovered/constrained with
nuclear isomers are the so-called inelastic DM. In these
models, DM is the lighter of two components with a
small mass di↵erence, and has dominantly o↵-diagonal
couplings i.e. inelastic interactions with the SM.
Therefore the dominant scattering mechanism requires

additional energy for DM excitation, and would not pro-
ceed if the mass splitting of the two DM states exceeds
available kinetic energy. An addition of nuclear excita-
tion energy �E provided by the isomer in this case, al-
lows accessing larger mass splitting in the DM sector.
Higgsinos arising from supersymmetric theories are an
example of a well motivated inelastic DM candidate that
would invoke the WIMP miracle to explain the DM relic
abundance, that is not yet ruled out by DM experiments
[18].

II. EXPERIMENT

In this work, we re-analyzed data collected in [11] to
look for the signal corresponding to scattering with DM.
The search in [11] focused on excited state transitions
from the EC and �� decays of 180Tam which includes
higher energy �-rays up to 332.3 keV. This search focuses
on the 93.3 keV and 103.5 keV �-rays as a signature of
the 180Ta ground state decay. However, the 93.3 keV
�-line from the EC branch is overlapped with two back-
ground �-lines from 234Th at 92.38 ± 0.01 keV (2.18%)
and 92.80 ± 0.02 keV (2.15%), with emission probabili-
ties quoted in parenthesis as well as the Th K-a1 x-ray
at 93.31 keV. Thus, only the 103.5 keV �-line from the
�� branch is used in the analysis as illustrated in red in
Fig. 1. A �-line at 103.35 keV, also from 234Th, has 3 or-
ders of magnitude lower emission probability of 3.2 · 10�5

and is negligible. A search of nuclear data revealed no
reasonable lines which could interfere with this measure-
ment. The measurements in [11] were not optimized for
such low energy, but nevertheless can be used to set lim-
its. Future experimental improvements are pointed out
at the relevant points below and in Sec. IV.

The target sample consists of 6 tantalum discs of nat-
ural isotopic abundance. The discs have a diameter of
100 mm and a thickness of 2 mm each, summing up to
a total mass of 1500.33 g containing 180 mg 180Tam. In
total, three measurements are combined: M1 from [19],
M2 from [20] and M3 from [11]. Their parameters are
condensed in Tab. I for the �-line of interest. All mea-
surements were taken at the HADES underground labo-

• Lifetime of the 9- level exceeds 1017 years (not established yet)

• Natural abundance is not all that small, 0.01%. 

Signature # 4: DM-catalyzed quenching of 
nuclear isomers
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DM is a source of large recoil 
momentum à Enhancement of decay

3

As already being alluded to in the Introduction, the
transition matrix elements are suppressed by powers of
(q.R)L, where q is the outgoing photon momentum and
R is the size of the nucleus. While a typical gamma
decay with L  2 happens within a picosecond time
scale, suppression for large L can increase the lifetime
to much larger timescales. The minimum L is given by
|Jf � Ji| (or sometimes by |Jf � Ji| + 1, depending on
electric/magnetic type of transition and matching of par-
ities). This suppression is shown via the form factor (de-
fined formally later) in Fig. 1 for di↵erent �J . As seen in
Table I lifetimes of metastable isomers can be O(min) or
even O(year). The nucleus most stable against radioac-
tive decay is an isomeric state of 180Ta that has not been
observed to decay and only a lower limit of ⌧ > 1016 year
is known.
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FIG. 1. Form Factors for di↵erent �J . For small q.R relevant
to � decay, there is severe suppression for large �J . If the
typical momentum required for scattering is much larger, the
form-factor suppression is ameliorated.

While metastable nuclei are resistant to gamma decay
due to multipole suppression, scattering does not suf-
fer from the same suppression in the large momentum
(qR ⇠ 1 =) q ' 100 MeV) exchange regime. In
this regime, the multipole expansion of the outgoing DM
wave receives contributions from many angular momen-
tum modes, enabling the de-excitation transition. This
can be seen quantitatively in Fig. 1 where the form-factor
for di↵erent �J are no longer suppressed for larger mo-
mentum exchange. Many standard model projectiles [9–
11] have in fact been employed to induce down-scattering
of isomers, and extract the excess energy in the pro-
cess. We are going to show that there are classes of
DM particles that indeed lift this momentum suppres-
sion, and their direct detection scenarios would greatly
benefit from the scattering o↵ metastable isomers. We
now list nuclear isomer candidates and their properties.

A. 180mTa

180mTa (J = 9�) has never been observed to decay
while the corresponding ground state (J = 1+) decays
with an 8 hour lifetime. This is because of the highly
suppressed E7 transition to the only other excited state
(J = 2+). Thus, there is a significant abundance of this
isomer in nature - it occurs with a yield of 0.011% in nat-
urally occurring tantalum. Further refinement has been
carried out for making highly enriched tablets for decay
studies. The e↵ects of DM can be observed in 180mTa
either by monitoring a radio-pure sample wherein the
down-scattering event triggers the decay of the ground
state within 8 hours. Alternatively, large quantities of
tantalum can be placed near a conventional DM detec-
tor, wherein the DM kicked or excited in this process can
either re-scatter or decay within that detector.

Null results from 180mTa decay experiments [12] could
in principle be already used to set limits on DM scatter-
ing. However in the above work, only � and ✏ decay were
considered. From private communications with B. Lehn-
ert, the limit on half-life for the isomeric decays can be
obtained with ⌧ > 1014 years. In an accompanying pa-
per [13] we convert this into current limits on strongly
interacting DM. The SM 180mTa lifetime is estimated
to be ⌧ ⇠ 1017 years[14]. If a faster lifetime is experi-
mentally observed, its connection to strongly interacting
DM can be established by looking at the depth depen-
dence of the lifetime. If the predicted standard model
lifetime is experimentally observed, the experiment is no
longer background free. However, progress can still be
made by searching for the re-scattering of the DM in a
well-shielded conventional DM detector. In spirit, this is
similar to a light shining through walls experiment. We
consider a gram-year exposure with O(1) e�ciency for
subsequent detection of DM for such a setup.

B. 177mLu

177mLu is 970 keV above the ground state and has a
half-life of 160 days. It is a 0.1% contaminant in 177Lu
(with half-life ⇠ 6 days) which is used in cancer treat-
ment. The thermal neutron absorption cross-section on
176Lu to produce 177Lu and 177mLu are 2090 barn and
2.8 barn, hence the 0.1% contamination. The long life of
the isomer leads to medical waste containing most of the
177mLu intact, and it is typically shipped to nuclear waste
facilities after usage. We assume 1 mg 177mLu can be pro-
cured either from this medical waste or from dedicated
production. Since the source is hot, only secondary de-
tection of excited DM (either through decay or re-scatter)
will be considered.

• Momentum transfer k mediated in the g,b transitions is small: on 
the order of decaying energy, e.g. 100 keV. 

• (Rnuclear k) ~ 10-3. Enters in the HUGE power in the rate,          
(Rnuclear k)2DL ~ (10-3)14. 

• Dark matter is rare etc etc – but it carries large k! k ~ / Rnuclear 
easily. Kinematic suppression by (Rnuclear / l)2DL  is gone. 

kDM ~ (2 DE µNc)1/2 ~

(2 DE 100 GeV)1/2 = 120 MeV
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Interesting candidate isomers

• Tantalum 180m is naturally occurring. Non-radioactive. Provides 
the safest opportunity.   

• First searches have been performed, but there is a sustained 
interest to this element from the nuclear physics community.

5

Isomer �Emax
N levels Half-life Source Amount Signal Hindrance (F�)

180mTa 77 keV 2 > 1016 y Natural 0.3 gram year Ground State Decay / Secondary 0.16[14]
137mBa 661 keV 2 2.55 min Nuclear Waste 0.5 gram year Secondary 1
177mLu 970 keV 27 160 d Medical Waste 1 mg year Secondary 0.17a
178mHf 2.4 MeV 110 31 y Old experiments 1 µg year � end-point / Secondary 0.29a

a
Hindrance factors for Lu and Hf derived from the observed half-lifes.

TABLE I. Isomers considered in this work are tabulated. The energy of the metastable state, the number of levels between the
isomeric state and the ground state and the half-lifes of the isomeric state are given. Also tabulated are the typical exposure
for each isomer used in projections. Possible trigger signals for isomer scattering are listed. Finally the hindrance factor used
to calculate transitions/scattering cross-sections as used in Eqn.(12) are given.

✏H would reflect the overlaps of the wave functions in-
side the transitional matrix element beyond the angular
momentum factor taken into account by j

2
L
(qR).

Due to angular momentum conservation, the sum over
L only needs to be taken in the range |Ji � Jf |  L 

Ji + Jf keeping only the appropriate parity terms. Hin-
drance factors arise due to the so-calledK-quantum num-
ber selection rules in deformed nuclei. The K-quantum
number captures the misalignment of the rotation and
symmetry axes and if the multipolarity of the transition
L is smaller than than �K, this leads to a suppression
factor

✏H(L,�K) = F
�K�L

�
if L < �K (11)

and is typically estimated from the corresponding Weis-
skopf estimates for gamma decay.

For barium decays the naive Weisskopf estimate cap-
tures the observed decay rate extremely well. There are
two states the metastable isomer can scatter to[17].

For hafnium and lutetium, we estimate F� from the
observed decay rate and tabulated in Table. I. They also
have a plethora of states to scatter to, with di↵erent K-
quantum numbers. The full list of energy levels and their
J and K-quantum numbers can be obtained from [17]
and are tabulated in Appendix. A. We use the same F�

for di↵erent �K transitions. At high momentum ex-
change as is relevant to scattering, then, scattering can
proceed through L � �K avoiding the suppression in
Eqn.(11). As a result the total scattering rate is only
weakly dependent on the hindrance factor.

Since tantalum has never been observed to decay, the
above procedure does not apply. In [14], extra penalty
factors independent of �K are prescribed,

✏H(Ji, L,�K) =
T�

T�(naive)
= M0(EL)2(F�K�L

�
)2

(12)
where M0(EL) = 0.35 and F� = 0.16.

For tantalum, this procedure is only an order of mag-
nitude estimate at best: after all, an E7 transition has
never been observed in nature to enable robust extrap-
olation. We use this for our estimates to both states
below the metastable isomer. Coulomb scattering with
a scheme similar to [16] could be very interesting in its

own right to estimate this form factor more accurately
and also to get a better understanding of DM interaction
rate.

V. STRONGLY INTERACTING DM

For DM that interacts strongly with nuclei, limits from
traditional experiments in underground mines are not rel-
evant. This is because the DM slows down considerably
and does not possess enough kinetic energy to scatter o↵
the target nuclei. This parameter space is constrained
by surface runs of some experiments and balloon based
cosmic ray detectors. While this parameter space is con-
strained if all of the DM is strongly interacting, due to
the small exposure of these experiments, there are no
constraints on strongly interacting DM if it only makes
up a somewhat smaller sub-component of the DM. More-
over, models with exotic heavy QCD-charged remnants
that form heavy compact bound states and comprise the
bulk of DM, also predict small concentrations of particles
that have strong interactions with nucleons [2].

The phenomenology of this kind of DM is as follows:
the DM undergoes a series of scatterings with nuclei, that
slows down from the initial v ⇠ O(10�3)c velocity, lead-
ing to eventual thermalization. Upon thermalization, the
DM acquires a thermal randomly oriented velocity. In
the earth’s gravity and if there is no DM binding to nu-
clei, the DM particles slowly drift downward. Since the
downward drift velocity of the DM is much smaller than
the ambient virial velocity in the galaxy, there is a pile
up (or “tra�c jam”) of the DM as it moves through the
ground, leading to a very significant local density en-
hancement compared to DM density beyond Earth’s at-
mosphere. Thus, in an underground experiment, there is
an enhanced density of slow DM, inaccessible to all DD
experiments looking for elastic scattering. Since this DM
is heavy, it can scatter o↵ the nuclear isomers discussed
above, producing measurable signals either directly in
the process of nuclear de-excitation, or in the subsequent
elastic collision - now with much larger energy. In the fol-
lowing, we compute these e↵ects and estimate the reach
for an isomer-based concept experiment.
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Experimental search

• DM induces de-excitation of Ta180m down to the ground state. 

• Ta180gs decays within a few hours to W and Hf. These decays 
produce 103.5 and 93.3 keV gammas. 

• Search of these gammas above the background in the old data 
from HADES lab produced upper limits on DM-induced de-
excitation of Ta180m. T1/2>1.3 1014 yr

4

FIG. 2: Region of interest in each dataset for the 103.5 keV peak search in the �� channel. The best fit is shown in
blue and the best fit with the signal peak set to the 90% C.I. half-life limit is shown in red. The arrows indicated

the 93.3 keV peak of the EC channel (not used in fit) as well as the named background �-lines.

FIG. 3: Left: 90% credibility limits on the per-nucleon cross-section for DM that interacts strongly with nuclei from
lifetime limit of 180Tam corresponding to T1/2 > 1.3⇥ 1014 a are shown in red. L is assumed to be 1 (in Eqn. 5).

Also shown are limits from existing experiments adapted from [16] in gray. Projections for limits from an
experiment that can measure T1/2 > 1⇥ 1018 a in the (3a)+(3b) decay mode are shown in dashed orange and for
T1/2 > 4⇥ 1019 a in the (3a) only mode in dashed purple. Right: Limits and projections with the same color

coding for inelastic DM with mass splitting �M�. Also shown are limits from existing experiments adapted from [18]
in gray.

We model the cross-section as a generic strong-scale in-
teraction i.e. ⇠ 1

⇤2
QCD

through the exchange of meson-like

hadron resonances, and its reference per-nucleon cross-
section is taken to be �n. Following [10] the total cross-
section for � to scatter o↵ 180Tam can be estimated by
the following ansatz,

h��Tav�i = Min

✓
�n

µTa,�

q0
, 4⇡R2

Ta

◆
Sf (q0). (4)

Throughout this paper, we use natural units, ~ = c = 1.
Here, µTa,� is the tantalum-DM reduced mass, q0 =p

�E ⇥ µTa,� is the momentum exchange, and RTa is
the radius of tantalum nuclei. The quantity Sf (q0) is
the square of the nuclear form-factor that captures the
inelastic matrix element for the down-scatter of the iso-
meric state to one of the lower states. Following [10] it is

estimated from the Weisskopf estimates and includes the
hindrance factor ✏H prescribed in [12],

Sf (q0) =
X

L

Lj
2
L
(qR)✏H (5)

Here jL are the spherical Bessel functions. The sum runs
over odd L, 7  L  11 for (3a) and L = 9 for (3b) scat-
tering processes (Refer Fig.1). The kludge factor L is
present to account for deviations from the ansatz that is
not captured by the hindrance factors and can be deter-
mined by a scattering experiment or observation of the
SM decay.
Since it is an exothermic reaction, the counting rate

depends on the local DM density and not the flux. We
can use Eq. 4 along with ⌘ calculated in [10], the relation
in Eq. 3 and the limit in Eq. 2 to set limits on �n. This
limit will depend on fDM, the fraction of solar system
DM in � particles. Limit contours for L = 1 are plotted
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Experimental constraints

• Left: constraints on strongly-interacting DM, that constitutes a  
10-4 fraction of the total DM abundance. New parameters relative 
to XQC are covered.

• Right: constraints on inelastic dark matter. New mass splittings 
are covered.

• Bulk Ta can be used to “accelerate” DM. 

• New experimental study by Majorana: 2306.01965
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FIG. 6. (top) 90% C.L. exclusion limits on the per-nucleon
cross-section for strongly interacting DM assuming a frac-
tional relic density of fDM = 10�4. The limit based on the
non-observation of the 93.3 keV line (blue dashed) is sensi-
tive to DM-induced de-excitations to the 180Ta first excited
(2+) and ground (1+) states. This can be compared to limits
from Ref. [45] (grey dashed), which is based on the 103.5 keV
signature. The limit derived from the non-observation of
the 39.5 keV line (dashed orange) is only sensitive to DM-
induced de-excitations to the first excited state. Both cover
phase space not covered by other experimental approaches
[53]. (bottom) 90% C.L. exclusion limits on the per-nucleon
cross-section for inelastic DM with mass splitting �M . Color
coding is identical to the top plot (gray shaded region is based
on Ref. [54]).
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Conclusions
§ There are important “difficult corners” in direct detection. For light 

dark matter below few MeV best limits come from Xenon+ solar DM. 
§ Interesting physics can result from rare species of DM, as their elastic 

cross sections can be very sizeable resulting in enhanced population 
inside the Earth (traffic jam and hydrostatic population).

§ The diversity of DM models creates a diversity of experimental 
signatures – now it is the right time to explore them, as much 
investment is made into direct detection of dark matter. 

§ Signature 1: direct annihilation inside the neutrino detectors (strong 
constraints from SK). 

§ Signature 2: nuclear accelerators to up-scatter DM and detect recoil. 
§ Signature 3: DM experiments at nuclear reactors can be used. 
§ Signature 4: nuclear isomer de-excitation is catalyzed. Ta180 is a very 

attractive candidate. No decay (or DM-induced de-excitation) detected 
thus far. 


